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ABSTRACT
In developing countries such as India, there is a higher rate of amputations among the population
but a lack of viable, low cost solutions. Through a partnership with Indian non-profit Bhagwan
Mahaveer Viklang Sahayata Samiti (BMVSS), the team designed a functional, robust, and low
cost electrically powered prosthetic hand that communicates with people with unilateral,
transradial amputations in urban India through a biointerface. The device uses compliant tendon
actuation, small linear servos, and a wearable sleeve outfitted with electromyography (EMG)
sensors to produce a device that, once placed inside a prosthetic glove, is anthropomorphic in
both look and feel. The hand is capable of forming three grips through the use of a manually
adjustable opposable thumb: the key, pinch, and wrap grips. The hand also provides vibrotactile
user feedback upon completion of a grip. The design includes a prosthetic gel liner to provide a
layer of cushion and comfort for safe use by the user. These results show that it is possible to
create a low cost, electrically powered prosthetic hand for users in developing countries without
sacrificing functionality. In order for this design to be truly adjustable to each user, the creation
of an easily navigable graphical user interface (GUI) will have to be a future goal.
The prosthesis prototype was developed such that future groups can design for manufacturing
and distribution in India.

Keywords: Low Cost, Electromyography, Anthropomorphic, Three Grip
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Chapter 1: Introduction
1.1 Background and Motivation
Life as a human changes tremendously without the ability to use both hands. Simple acts such as
tying shoes, using eating utensils, or performing basic hygiene have to change due to a loss of
dexterity or lack of individual mobility in digits. These are just a few of the many issues that
come with hand-loss, which have spurred innovation around the connection between human and
machine to restore individuals’ freedom, autonomy, and lifestyles.
Around 10 million people in India live with some sort of movement impairment, according to the
government in India. Bhagwan Mahaveer Viklang Sahayata Samiti (BMVSS), a Jaipur-based
non-profit, is the world’s largest organization for the handicapped. They are the creators of the
Jaipur Foot and have fitted around 1.78 million people with movement disabilities with calipers,
artificial limbs, and other assistive devices in 27 countries around the world completely free of
charge [2]. Their prostheses are rapid-fit, low maintenance, and close to natural human limbs [3].
They have begun to enter the field of upper-limb prostheses in order to address the needs of
greater numbers of people. The team partnered with BMVSS in order to achieve the goal of
creating an artificial hand that is in line with their requirements for prostheses. In particular,
anthropomorphism of the prosthetic hand is of high priority due to local market contexts.
Anthropomorphism is the attribution of human characteristics to the hand. It can refer to many
different aspects, such as: natural position of the hand, number of degrees of freedom in the
fingers, number of potential grips, the use of a prosthetic glove to model a human hand, and user
control (or the actuation mechanism). People with amputations in India face social stigma
surrounding their amputation and the use of non-anthropomorphic prostheses. According to a
conversation in December 2019 with Dr. Pooja Mukul, a prosthetic consultant for BMVSS,
“people with amputations in India would rather have a purely cosmetic hand over a nonanthropomorphic, functional hand, because the prosthetic user determines the level of
functionality for their own prosthesis.” People with amputations would rather have a nonfunctional cosmetic hand than a fully functional non-anthropomorphic hand. As such, the team
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set out to meet the market requirements in India, striving to reach a balance between
functionality and anthropomorphism. The team kept in mind the ethical, economic, and cultural
implications of the design while working with BMVSS.
Prostheses have made significant advances since the 1950’s when the first functional version of a
hand came to the market. The first prosthetic hand was developed to address the most
fundamental use of a hand, which is assistance. Because biomechanical technology was not
significantly developed at the time, the best shape for a typical prosthesis was a hook; this design
allowed for a “grip” function and a rigid frame when attempting to move and lift items. The hook
hand is a body-powered prosthetic, which means the prosthetic arm is operated using other parts
of the body, typically the shoulders, elbows, or chest [4]. Although it is low cost, the hook
prosthetic lacks anthropomorphic qualities and leads to social stigma surrounding the use of this
type of prosthesis. High-end, electric powered prosthetic hands can cost thousands of dollars.
Low-income white-collar workers in India are unable to afford these prosthetic hands, and as a
result, are forced to face the social stigma of using a body-powered prosthesis or use a nonfunctional cosmetic hand. The team has recognized a need to bridge the gap between high-cost,
electrically-powered, anthropomorphic hands and low-cost, body-powered, nonanthropomorphic prostheses.

1.2 Literature Review
Prostheses have significantly changed from the early body-powered hook hand of the 1940s,
which was mainly made up of wood and leather. In the 1990s, prostheses were made using
synthetics, plastics, polymers, and carbon fibers. These materials are much easier to maintain and
repair compared to leather and wood and are much lighter [5]. This reduction in weight opened
up more space for the addition of new features that pushed the functionality of prostheses closer
to that of a human hand. As a result, these materials are still commonly found in prostheses
today.
The current state of the field for the actuation of upper limb prostheses is the use of
electromyography (EMG) [6]. Myoelectric systems make up the bulk of the prostheses on the
market. Myoelectric sensors on the skin surface detect the differential voltages, or the action
2

potentials of muscles, that are created when a muscle is contracted. These sensors turn those
impulses into usable signals to control the movements of the prosthesis. Myoelectric prostheses
are much more intuitive for prosthetic users to use because they can correctly predict and
respond to what the user is attempting to do with the muscle group. Myoelectric processing
systems direct that information to the mechanical system of the prosthesis to perform the desired
functions.
Muscle contractions can be translated into a variety of commands depending on the desired
complexity of the prosthesis. Simple open/close control for the hand is possible with a few EMG
electrodes. Much more complex human-like grips may be implemented using neural networks
and machine learning control systems in combination with many EMG electrodes. Myoelectric
systems require the prosthesis to be externally powered by a battery and can be much more
expensive compared to body-powered prostheses [7]. An example diagram of a myoelectric
prosthetic hand system can be found in Figure 1.2.1 below.
The low-cost prostheses are often body-powered, which are controlled with the physical
movement of the shoulder, head, or back muscles. They are made up of systems harnesses or
cables and do not require external power sources, like batteries. An example of the structure of a
body-powered prosthesis is shown in Figure 1.2.2 below. However, the actuation of such
prostheses may require a lot of force and can be very tiring over time for the user. Body powered
prosthesis also require the user to wear restricting harnesses that guide and support the cable
systems. This is a very basic technical solution for a prosthetic hand, but it is limited in that the
body powered prosthetic hand can really only be a support hand and cannot perform any humanhand-like dynamic movements. Since body-powered prosthesis are simpler in construction and
design, body-powered prostheses are a popular option for those who cannot afford higher end
prosthesis.
The final category of prosthetic hands are cosmetic hands. Cosmetic hands are non-functional
and have no grip capabilities, but they are anthropomorphic in appearance. The majority of
people with amputations who choose cosmetic prostheses are using the prosthesis to “blend in”
with able-bodied populations so as to avoid social stigmas. Cosmetic prostheses are popular for
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people who cannot afford electrically-powered prosthesis, while wanting to avoid using nonanthropomorphic, body-powered prostheses.

Figure 1.2.1: An example sketch of a myoelectric prosthetic hand.

Figure 1.2.2: An example of a body-powered prosthetic hand [7, open source].

A major effort has been made in recent years to add a component of sensory feedback to
prosthetic hands. Research and common sense has shown that the sense of touch is vital to
achieving the gripping capabilities of the human hand. An accessible way to do this is
incorporating vibro-tactile feedback to prosthetic hands [8]. Vibro-tactile feedback uses a
vibration motor to send a vibration to the user to signal grip completion.
Last but not least, anthropomorphism is always a goal for developing prosthetic technologies.
The importance of the anthropomorphism requirement is heightened in developing countries like
India, where social stigmas against individuals with amputations are much more prevalent than
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in developed countries, like the United States, where prostheses are a more accepted and widely
used technology. Anthropomorphism must be considered in terms of the natural looking position
of the hand in a relaxed state, the number of degrees of freedom in the fingers, the importance of
the potential grips for completing tasks, and the intuitive and subtle control of the prosthesis. The
team’s contact with BMVSS, Dr. Pooja Mukul, emphasized the need for an anthropomorphic
hand due to the consistent rejection of body-powered hook hands in India.

1.2.1 Market Review
There is a wide range of prostheses available on the market today, from simple body-powered
hands, to complex hands with multiple degrees of freedom, sensors, and closed-loop feedback
systems. Because of these large functionality differences, the price of various prosthetic hands is
proportionally related to their complexity. Refer to Table 1.2.1 to see benchmarks of current
hands with their respective prices and key features.
Table 1.2.1: Benchmark of current prosthetic hands on the market for people with transradial
amputations. For full specification sheets of these hands, refer to Appendix A [9, 10, 11, 12].
Product

beBionic
(Ottobock)

Michelangelo
(Ottobock)

i-Limb
Quantum
(Ossur)

i-Limb Ultra
(Ossur)

Hosmer
Prosthetic
Model Hook
(Amputee
Store)

Price

$11,000

$60,000

$60,000$120,000

$60,000$120,000

$450

Grip Force (N)

36.6

60

315

315

N/A

Closing Time
(s)

0.5

0.3

0.8

0.8

N/A

Force Sensors

Yes

Yes

Yes

Yes

No

# of Grip
Patterns

14

7

36

18

1

Weight (kg)

0.588

0.420

0.523

0.628

0.113

Power System

Myoelectric

Myoelectric

Myoelectric

Myoelectric

Body- Powered
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As seen in Table 1.2.1, there is a large difference between the functionality (grip force, grip
patterns, force sensors) of high-cost myoelectric prosthetic hands and low-cost body-powered
prosthetic hands. All of the myoelectric hands are above $10,000 because they include expensive
technologies like force sensors, actuators for each joint, multiple grip pattern configurations, and
calculable grip strengths. These components allow for a highly functional hand but come at a
higher price. The body-powered hand is very limited in terms of grip patterns and features, but
comes at a much more affordable price. After this benchmarking, there is a need in the current
market for a “Goldilocks” prosthetic hand - a middle ground myoelectric hand that has 2-5 grip
patterns, can apply a grip force of 30-50 N, includes some type of feedback system, and is in the
price range of $500-2000. A prosthesis in this range would allow more individuals to gain access
to the benefits of a myoelectric hand, such as improved functionality and dexterity, without the
need to spend thousands of dollars on a prosthesis. While this proposed solution does not restore
the full functionality of a human hand, the design would provide major functions that would
better support the user with basic, everyday tasks.

1.2.2 Body-Powered Prostheses
Body powered prostheses have the most basic form of actuation for prosthetic hands and were
the first type of prosthetic hand developed. The Bowden-cable system is a common bodypowered prosthesis setup. In this design, a cable is “attached to a strap at the contra-lateral
shoulder,” the shoulder opposite of the arm with the prosthesis and used to pull the hand open or
closed (depending on initial setup) [13]. By changing the distance between the elbow and contralateral shoulder, the tension in the cable pulls the mechanical hinges in the hand to make the
hand move.
The Bowden-cable method is still one of the most affordable because this method does not
require any electrically powered technology in order to operate. This method also utilizes the
large and strong muscles in the back to control the hand movements, enabling relatively
powerful grip strengths. The physical connection to the prosthetic device also gives the user
some sort of sensory feedback through the cable tension. However, this method does require a
relatively high amount of force to operate, which can quickly lead to muscle fatigue of the user.
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Furthermore, cable-based body-powered systems are limited to controlling the opening and
closing of the hand and do not allow any dexterous motion [13]. Figure 1.2.3 below shows a
Bowden-actuator powered prosthetic hand.

nanism

Pullin

Figure 1.2.3: Bowden-actuator, body-powered prosthetic hand design [13, used without permission].

1.2.3 Electric Prostheses
Electric prostheses tend to be more expensive and sophisticated than body-powered ones. Unlike
body-powered prostheses, they require a power source, such as batteries, that must be replaced or
recharged regularly. However, they do not require the user to wear an external harness or cable
system. Therefore, they are generally more anthropomorphic, comfortable, and natural to control
for the user [14]. They also allow for the incorporation of features that allow for better gripping
of objects, such as force feedback, or give the user an indication that a task is complete, such as
vibrotactile feedback. Both of these require an electrically-powered control system.
Electric prostheses are controlled through electrical signals that are detected by either
noninvasive surface electrodes or invasive implanted electrodes. These electrical signals are
translated into movements in the prosthesis, such as opening and closing, as well as translated to
change to various grip options in more advanced prostheses. There are multiple types of
electrical signals in the body that can be used to control a prosthesis, the most common of which
are electromyography (EMG) and electroencephalography (EEG) [3].
Electromyography (EMG)
The newest type of prosthetic hand design is controlled by electromyography, or the electrical
activity of muscle tissue. Skeletal muscles contain motor neurons which, upon activation,
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transmit electrical signals that cause muscle contractions. These electrical signals can be detected
through the use of electrodes which detect changes in voltage corresponding with these muscle
contractions [15]. This type of actuation can be easier for the user than body-powered because it
requires less physical exertion; only slight muscle contractions are necessary in order to control a
myoelectric hand. The user also does not need to continuously contract in order to maintain a
grip, as the EMG-controlled hand can maintain a set grip force. These types of hands can also
feel more natural and intuitive to the user, as the muscles used for controlling the prosthesis are
the same ones used for opening and closing the natural hand. However, transradial amputations
can vary greatly between patients. The location of the amputation can vary from right above the
wrist to right below the elbow. There can also be variation in the extent and strength of muscles
in the residual limb that must be taken into account [14].
In order to open and close, myoelectric hands use motors in the hand itself, which enables
performance of multiple, finer grip movements in a much more precise and controlled manner
than that of a body powered prosthesis. This allows for a variety of grips, as sophisticated control
schemes can be used to translate EMG signals into precise movements and hand orientations.
Grip strength for a myoelectric prosthesis can also be much greater than for body-powered
depending on the strength of the motors involved [16].
The Michelangelo® Prosthetic Hand by Ottobock is an example of an EMG-controlled hand with
advanced capabilities. It is controlled using built-in EMG electrodes and software that translates
various muscle contractions into 7 unique and extremely precise grips. The thumb is motoractivated with 2 movement axes, and the design involves a wrist joint that has the capabilities for
flexion, extension and rotation. This is considered an advanced design involving EMG [12].
Electroencephalography (EEG)
Multiple prosthetic designs using electroencephalography (EEG) signals have been tested and
researched to make the most dexterous and fluid-moving artificial hands. This type of actuation
is ideal for the user than a body-powered hand because it limits the amount of physical exertion
needed by the user. A model discussed in a research paper from 2017 utilizes an EEG headset,
Brain Computer Interface (BUI), and Graphical User Interface (GUI) in LabVIEW to create a
8

hand that will be controlled by brain wave signals given by the EEG headset [17]. The headset
will transfer different facial expressions or head movements to LabVIEW, and the computer
software is programmed to take these different inputs and outputs corresponding hand
movements as a result. The efficiency of the hand would depend on the real time efficiency of
the computer software and headset and would supply a noninvasive method for a useful
prosthetic hand [17]. Figure 1.2.4 shows the LabVIEW of interface and how each movement is
translated into a function of the hand. This method however is more costly than a simple, bodypowered hand, but has a more effective output.
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Figure 1.2.4: LabVIEW and EEG headset controlled prosthetic hand software [17, open source].
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Force Feedback
A feedback loop allows the motor to control the grip and tell it when to stop or adjust, depending
on some type of sensor. A force feedback loop can improve the gripping abilities of the
prosthetic hand, as feedback can act like a sense of touch to feel if the object being held is
slipping. This is where sensors can detect the grip strength of the hand and give feedback to the
motor controllers to stall or stop the motors from increasing the grip. Closed loop systems have
advanced to the point where the user has control over the correction made through EMG and
muscle stimuli and change their grip [18]. This human loop can go much further and
communicate with neurons in the brain to allow the brain to make the needed adjustments [19].
This is much newer technology and is very expensive and takes extensive surgical work to
implement.
Through experiments with force sensors, there have been developments in the control system and
feedback ability to sense tangential and normal forces and feedback data to the motor in less than
100 milliseconds. This closed loop system does not rely on the user for correction and is very
useful in its application. It is important to note that these types of sensors must be in direct
contact with the skin and cannot use a glove [20]. Experiments also have shown that tangential
forces are much harder to detect and create very inconsistent feedback responses [21]. A
feedback system of this type is much more common within the field of prosthetics and does not
always add much meaningful functionality to the hand as 30-50% of prosthetic users do not use
or like the control system in their hand because it does not meet their needs [21].

1.2.4 Vibro-tactile Feedback
Most currently available myoelectric prostheses are lacking in one important aspect: sensory
feedback. This results in a disconnect between what the user sees and what they feel; the user
lacks the ability to feel the successful grasp of an object [22]. Including a closed-loop feedback
system in prosthetic design has been shown to improve user experience and capabilities [23].
Engaging the touch along with the visual senses during the use of a prosthesis is more intuitive
for users and brings prostheses closer to full human hand functionality. Vibrotactile feedback is
one way to provide this form of sensory touch feedback. Vibrotactile feedback involves using
some sort of sensors, force or current sensors in most cases, to detect when the prosthetic hand
10

comes into contact with objects, and then gives vibrational pulses to the user to indicate the grip
is complete. In some advanced prostheses, a gradient of vibrational strength can be used to
indicate the amount of force applied in each grip. These vibrations are most often achieved
through some sort of vibrational motor or linear actuator located within the socket, close to the
user’s body but not directly on the skin in order to avoid irritation [22].

1.2.5 Transmission Systems
Prosthetic hand systems usually rely on cables running through the fingers and the hand in order
to control the movement of the fingers. Tension in the cables can be created by gears or pulleys.
When the tension is increased in these cables, the fingers will curve in closer and closer to the
palm to create a human-like gripping motion. Actuation and tension can be brought about three
different ways using gear differentials, linkage seesaw differentials, and pulley differentials [24].
The gear system is often seen in automobiles and has the benefit of being compact, while
sacrificing high complexity and friction. This system can back up a large torque. If one is
looking for a low cost way to produce these gears, such as 3D printing, making them is very
difficult to do and can render the product unusable. However, if a low cost system is not needed,
gears can more likely be utilized [24].
The linkage system (or whiffle tree differential), utilizes a rotating bar about staggered pivots to
create different outputs. This design, however, is limited by the length of the bar and can affect
packaging flexibility; but the simplicity of the design can make for rapid-prototyping and easy
assembly [24].
The pulley differential utilizes moving or floating pulleys and offers packaging advantages. The
slack of tendon cables that is also induced by the pulley system can also be beneficial to the hand
in operating environments where fingers may unintentionally impact other objects. This would
allow the finger to just displace if hitting other objects without affecting the other fingers [24].

1.2.6 3D Printing
3D printing is a low cost and effective way to manufacture items in a timely manner with
dexterity. This method can give many people access to products that would traditionally be
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expensive, such as medical devices and prosthetic hands. One of the few setbacks of 3D printing
is the limitations on compatible materials that can be used with 3D printing technologies, which
may affect the final product. However, strategically combining different materials that are
compatible with 3D printing can create a hand that has satisfactory grip strength while also
having the softness and fluidity of human skin and human-like motions.
e-NABLE tested different combinations of compatible materials in order to make an effective
and functional prosthetic hand. Based on performance, compatibility, and potential applications,
e-NABLE moved forward in testing with the combination of “Structural + Flexible” materials
and “Structural + Functional” build materials. The “Structural + Flexible” materials included
polylactic acid (PLA) and thermoplastic elastomer (TPE), while the “Structural + Functional”
materials included PLA and conductive/thermochromic PLA. With the use of these materials, the
flexible joints (TPE) and the phalanx and fingertips (PLA) were printed in one print job which
eliminated the need for fasteners in assembly. The TPE is used to make a soft grip and paddings
to make the hand more ergonomic and juxtapose the rigidity and strength of the PLA structure.
The combination of materials pulls together the strengths from each material and balance the
weaknesses out [25].
To use 3D printed materials, it must be noted that materials should be tested to make sure that
they can withstand the forces needed and generated by the hand, since most compatible materials
may fall short on the strength and density needed.

1.2.7 Anthropomorphism in Prosthetics
Anthropomorphism, or the attribution of human characteristics, is an important factor in the
design of prosthetic hands. Anthropomorphism is a critical user need because of harsh social
stigmas against individuals with amputations all over the world. Artisans and companies are able
to make very life-like synthetic coverings for prosthetic hands, but custom matching them on an
individual basis may be expensive. Using bulk-made, universally sized, skin colored gloves
made of robust materials like PVC or silicone offers a much more affordable solution. Prosthetic
companies such as Ottobock sell a variety of gloves that give prosthetic hands a more natural
look [26].
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Anthropomorphism must also be considered in terms of the natural position of the hand, degrees
of freedom in the fingers, potential grips, and user control. First, the hand naturally assumes a
semi-closed position when hanging at one’s side. This involves characteristic flexing of the
fingers, as shown in Figure 1.2.5.
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Figure 1.2.5: Hand in natural resting position © 2013 [27].

It is important to take the shape of the glove into account when designing a hand, so that the
glove and hand appear as anthropomorphic as possible even when the hand is not in use. The
hand also has various possible grips such as a lateral or key grip and a spherical, cylindrical, or
palmar grasp [27]. Creating a prosthesis with multiple grip options will give a more realistic feel
and appearance for users while improving functionality.
A human hand has 27 degrees of freedom with four in each finger. Capturing all of these degrees
of freedom would be too difficult and complex, but having multiple joints in the finger would
allow for a more natural and better grip [28].
Finally, the user-prosthesis interface can make a huge difference in the anthropomorphism of a
hand. Body-powered prostheses require the user to wear a harness that is restrictive and requires
large movements in order to control the prosthesis, making the user stand out when using the
13

device. Electrically powered prosthetic hands require much more subtle movements and
therefore are more anthropomorphic. They also allow for multiple grips, which body-powered
prostheses do not [14].

1.3 Needs of People with Transradial Amputations
The needs of people with transradial amputations drove the requirements for the design of the
hand. As a result, understanding the needs of people with transradial amputations is important to
produce a functional prototype

1.3.1 Surveys and Interviews
To understand the needs of people with transradial amputations, the team conducted interviews
with doctors and rehabilitation therapists. The team also partnered with a public health team to
conduct a survey for patients of Dr. Pooja Mukul in India. This was done to gain multiple
perspectives on what the patient needs were that would drive the design of the prosthetic hand.
These surveys gave the team insight on the demographic that the hand would be designed for,
any daily struggles patients face, and key features of the prosthesis that could potentially increase
the functionality of the hand and the user’s quality of life. The public health team consolidated
the data from the surveys and provided charts on certain responses to questions. The charts from
the survey can be found in Appendix B. Key responses to questions regarding demographics,
employment struggles, opinions on current prosthetic devices, and wanted features helped to
guide and drive the design requirements of the hand.
In order to get a deeper understanding of the needs of people with amputations, the team spoke
with a prosthetist, Prosthetic resident, and engineer at the Shirley Ryan AbilityLab in Chicago,
Illinois. More information from these interviews can be found below in Appendix C.

1.3.2 Analyzing and Ranking of Needs
The team analyzed the interviews and survey data and found trends and points of emphasis for
prosthetic design and performance. These points defined the user's needs. The team then ranked
the needs by importance on a scale of 1 to 3, where 1 indicated low importance and 3 indicated
high importance. Table 1.3.1 below organizes these ranked customer needs into categories to
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allow easy recognition of which needs are recurring and need greater attention during the design
process.
Table 1.3.1: Ranked Customer Needs
Customer Need

Importance
I

Dexterity
There is one degree of freedom in the fingers

3

There are two degrees of freedom in the fingers

1

Functional Thumb

2

Comfort
The hand’s weight and size are equivalent to human hand

3

The socket has conforming material

3

Strength
The motor can exert enough force

3

Long battery life

2

The material is durable

2

The fingers have good grip strength

1

Fingers can withstand everyday forces

2

Aesthetic
Glove material resembles human skin

2

Movements are similar to human hand

2

Overall, the sources had very similar topics to discuss when asked about common complaints
and areas of improvement that prosthetic users have brought up when asked about their hand.
Some key points of emphasis to consider for the design were the socket that fits onto the arm, the
weight, dexterity, the simplicity, and the aesthetic of the hand. These elements factored greatly
into the individual’s ability to use the hand comfortably.
Comfort and Usability
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The socket connection is very important for the prosthetic user because if the connection is done
incorrectly, use of the prosthesis can cause severe pain and discomfort, and ultimately may lead
to rejection of the prosthesis. The socket can be approached in a few different ways depending
on the scope and budget of the design. After discussing this issue with Ben Welter, a Prosthetic
resident at the Shirley Ryan AbilityLab in Chicago, he felt that the best solution to this issue is a
self-suspending socket that attaches using anatomical bone landmarks on the elbow. This socket
design is unique for each individual and adjusted to fit their exact residual limb anatomy in the
best way possible. While this helps a lot with the issue of discomfort, padding the socket with
other softer materials in the form of a liner helps even more. Materials such as silicone, urethane,
or gel are often used because they conform easily to the socket and allow the socket to be
personalized to the user as the material will adapt from person to person. The socket connection
is especially vital because most individuals care more about the comfort of their prosthesis than
its functionality. Thus, the socket and user interface is an essentially important subsystem to
consider in development of this device.
A second connection option is a harness attachment system that holds the socket with the
attached prosthetic hand on the user’s limb. This is less complex and easier to universalize when
fitting an individual. The harness can be adjusted using straps and can be simpler to fit than a
self-suspending myoelectric system. Dr. Laura Miller, PhD, CP, a research prosthetist at the
Shirley Ryan AbilityLab in Chicago, added some valuable information about the socket,
explaining that regardless of the type of socket used, the best material to use is a thermal set or
thermal formed material. This way a standard mold can be formed from a cast of the individual
and the socket can be adjusted slightly from person to person. This does require a specialist
present to ensure the prosthetic socket is formed and fits correctly. Dr. Miller also noted that it is
important to take into account when the hand was amputated. If the individual is being fit for a
new prosthetic device soon after the amputation, there may be swelling in the arm, muscle
atrophy, and soft tissue degeneration that would cause the individual to need to come back and
get his/her socket replaced.
One thing to keep in mind when developing the connection socket is understanding the time it
takes to fit the prosthetic system to the individual with an amputation. It is important to know
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how the individual is getting his/her device and who is helping with the fit, as it is much harder
to find a personalized fit without the help of a specialized prosthetist. An ideal goal is to develop
a socket that can be adjusted and will conform to various shapes and sizes of residual limbs
while still being comfortable to wear. This way, a prosthetist would not need to make and ensure
the correct fit of the personalized, custom socket.
Dexterity and User Needs for Functionality
Another key component that prosthetic users find essential is the dexterity of the hand and
fingers. This functionality is very important as it determines the ability of the prosthesis to
perform basic tasks that assist their other hand. One degree of freedom (DOF) in at least two
fingers is vital so that the fingers can perform a pinching grip against the thumb. This function is
the most important for the user when performing tasks because it allows the user to maintain at
least a small grip on the object they are interacting with. When talking to Frank Ursetta, a
mechanical engineer working on prostheses at the Shirley Ryan AbilityLab in Chicago, he
mentioned that the last two fingers help with overall grip strength, but depending on the design,
do not always add that much additional value to the user. To account for the lacking degree of
freedom in these fingers, Ursetta discussed the idea of using a locking mechanism in the fingers
to apply a constant grip when they have grasped an object and need to interact with it for an
extended period of time. This has been a feature that prosthetic users have appreciated as they
are able to perform more tasks this way.
One of the biggest needs in terms of dexterity is the ability of movement in the thumb. The
increased dexterity that the thumb provides heightens the ability of the hand and allows the user
to perform much more complex tasks. Movement of the thumb allows for an increase of pinching
grip strength, a better gripping motion, and more life-like movements. The addition of a thumb
with a degree of freedom is one area where an increase in complexity adds much more value to
the user. Explorations in increasing the degrees of freedom for the thumb will be guided by
keeping a close eye on the increased weight that can come from different transmission systems
of the force needed to move the thumb into place, along with the feasibility of accounting for
more degrees of freedom from a mechanical system or user placement.
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Along with dexterity, the weight of the hand is vital to the user. The hand has to be user friendly
and easy to operate, but people tend to forget about the weight and how a heavy hand can be
detrimental to its functionality. Small batteries can be utilized to make the hand lighter. Lighter
products and a simpler system used to make up the hand are important to consider when
designing to ensure a lighter hand that will contribute to the comfort of the user. Just like the
socket is important to the comfort and success of the hand, the weight and size of the hand is
equally as essential to making sure the user does not have to exert a large amount of force to lift,
lower, and operate the hand. The weight is also a staple factor when thinking of designing a hand
that can be made for children and adults. The weight of a hand for a child would be significantly
lighter than that needed for a 30-year-old man.
Analyzing the interview notes and data from an engineering perspective yields the understanding
that with a low cost hand, a minimum of 1 degree of freedom is needed to close the hand. This
one degree of freedom limits users to the simple open and close positioning of the hand and its
attachments, which is great to facilitate autonomy, but not ideal to allow autonomy and humanlike motion in the hand. User feedback indicated that any kind of upgrade through a prosthetic
hand increased their quality of life. During the interview with Lain Hensley at Odyssey Teams,
he articulated that having an adjustable thumb is extremely important to users. The capability for
users to secure items between their thumb and fingers is a huge leap toward more human-like
functions of a prosthetic hand. The information provided leads to the decision to explore a
locking mechanism to better help patients attain grip. In comparison to the information from
Lain Hensley, Chief Operations Officer and Co-Founder of Odyssey Teams, and Frank Ursetta, a
Prosthetic research engineer at the Shirley Ryan AbilityLab in Chicago, decided to keep the
smallest finger (most distal finger joint) out of his design, but, based on the information from
Lain about the Indian communities that he is serving, along with the scope of work as the team
moves through this year’s term on this project, the team will explore the possibility of creating
movement in the thumb joint for the project.
Limiting features in the array of different customers that this design is for, such as volume,
constrained the size of the motor, thus impacting the utilizable torques in the hand that can
support the different customer lifestyles. Residual limbs can be in many different states and
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sizes; elbow up, bicep up, half of the forearm up, or even just from the wrist up, but all of these
situations indicate that the uses of the prosthesis have to be versatile in appearance, material that
allows for in field modifications for a case by case basis, but also a general area of housing for
material inside of the prosthesis that allows it to function even after in field modifications have
been made. Mr. Ursetta specified that all customers have different lengths needed for their
forearm, so the conversation of cuttability of material used was needed.
In conversing about materials, the topic of weight and distribution came up. This was an
unknown area of concern for the team. Both Lain and Frank expressed that prosthetic users want
the prosthesis to be as light as possible, but also warned of the tough financial difficulty to
achieve that goal; material selection, size of the prosthesis to fit in the socially acceptable size,
etc. Frank gave some very insightful information that the center of mass of the prosthesis should
be closer to the wrist and not so much toward the fingers to allow for a smaller lever arm when
the connection point of support is at the shoulder. He mentioned how weight is very important
when designing the hand; using a smaller battery could make the hand smaller, more appealing
and easier to handle for the customer.
Most prosthetic users realize that they will not gain the same usage and freedom with their
prosthetic hand but just want basic functionality for everyday tasks as their remaining hand is
used for fine motor skill tasks. Given this, the complexity of the design does not always add a lot
of value to the user. There are more important components to focus on such as the weight and
center of mass of the hand because it is vital to make the prosthesis feel as if part of the arm and
not adding additional weight or that it is too light. Another important issue to address is the
socket of the hand. If the socket does not fit well with the arm then there are serious comfort
issues. The best solution to this issue is a self-suspending socket that attaches using anatomical
bone landmarks on the elbow. It is also helpful to line the socket with materials silicone,
urethane or gel so that it can conform a little to each user.
When designing the hand, it is very important to realize what exactly the market is expecting
from the development of the hand. While everyone appreciates an increase in functionality, some
prosthetic users are very happy with a low functioning hand because it is better than nothing.
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Sometimes the simplicity is very appreciated because they do not have to reteach themselves
how to do certain tasks, but just to have an aid to their other hand. Lain Hensley, the co-founder
at Odyssey Teams, has partnered with Jaipur Foot in the past and distributed over 10,000
prosthetic hands to different areas. He said it is important to notice that the prostheses in this case
were for public use only and often taken off when people were in the privacy of their own
homes. Given this, the hand is there as a placeholder that isn't focused on great functionality, but
on the aesthetic and basic usage to support their other hand. In this case, a very complex hand
does not make sense for the target user.
Appearance and Aesthetic
For the customer, the resemblance to a human hand is desired and extremely important. While
the population of the United States may not care about the look of their prosthesis, amputations
and missing limbs are extremely stigmatized in other countries such as India; they prefer to have
their hands assimilate with those of the rest of the population. For this reason, using a glove that
looks lifelike is important for customers. For some, a realistic looking hand is wanted over the
functionality of the hand itself. Gloves are often used for this purpose as they can be designed to
look and feel like human skin and hide all of the electronics of the hand as well. While that can
be very important to the user, there are some troubling areas and issues that arise when designing
with a glove and very important factors to incorporate that could lead to issues with usage.
However, when looking at the human-like appearance and aesthetic of the glove itself, there are
some variables that must be taken into account when designing. Gloves are commonly used to
create a human-like appearance, but their realistic look comes with consequences. Gloves often
wear down and tear very quickly when used every day. This can decrease the grip strength and
ability of the hand as the coefficient of friction is reduced and the glove is no longer a tight fit
and can move around components of the mechanical parts of the hand. This could also call for
the need for replacement gloves needed more often than desired in comparison to only needing
little repairs within the span of years. This would mean more money needed by the customer and
an inefficient business model to keep needing to produce gloves that consumers will eventually
not want to buy anymore. Another issue with the glove is that it can restrict movement and
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conformity. This is something that should be taken into account when designing for degrees of
freedom and thumb dexterity.
Also, according to Ursetta, the glove would have to be made of cuttable material to conform to
people with amputations with different arm lengths and available space. No customer has the
same conditions or available arm length, so this must be taken into account when discussing the
aesthetic appeal. Dr. Miller brings up valuable points about the glove being able to keep out
earthly elements such as dust or water. Whatever the outside covering on the motor system is, it
must be able to protect the electronics from harm to create a longer duration of functionality.
However, these outside issues are the main reason why most gloves do not last long. Some other
aspects to consider for hand size and aesthetics are making sure the hand can fit through shirt
sleeves and long sleeves.
Reflecting back on the discussion about the weight of the hand, a lighter hand would also help
with the aesthetic appeal. Smaller batteries and a smaller system would mean that the hand could
more closely resemble the size and shape of a real, human hand. Not only would a smaller
weight help with comfort and minimal energy exertion, but it would make the hand less bulky
and abnormally shaped to fit in better with social norms in countries like India. The smaller the
system, the more diverse the use of the hand could be. It could be conformed to be used from
children to adults and everyone in between if the system is small to begin with.
Customer needs yielded a significant amount of useful information about the housing of the
hand, the attachment, and the aesthetics all in the point of view of the customers and how to
make the hand more comfortable and easier to use. Understanding the customers is extremely
important in the situation and for the product since the prosthetic hand plays a huge role in their
lives and completing necessary, everyday tasks. These interviews have given an open door into
the eyes of the users in order to create the most efficient and customer-friendly hand.
Additionally, the interviews and data illuminated needs that were previously unknown; such as
how the socket and attachment can be made more comfortable for the user. The socket is the
most common complaint from users, thus increasing its importance and need to address in the
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design. Furthermore, the need for a more versatile thumb and adjustability of the hand to have
more mobility will also be an area of focus.

1.4 Project Objective and Goals
Given this review of the literature and exploration of the needs of the target population, the team
laid out the objectives and goals for the project. The Human-centered Electric Prosthetic Hand,
or HELP Hand, was initially an interdisciplinary 2018-2019 bioengineering/mechanical
engineering senior capstone project that developed a prototype along similar design
requirements. The 2019-2020 HELP Hand team sought to improve and iterate on the design of
the 2018-2019 HELP Hand prototype to increase functionality and anthropomorphism of the
hand.
The objective of the project was to iterate on the design, focusing on making changes that
improve functionality and performance while maintaining the human-like motion and appearance
of the prosthesis. To do this, the team focused on implementing an adjustable, opposable thumb,
adding an additional second degree of freedom to the fingers, along with adjusting the
biointerface of the prosthetic prototype to make the use of the hand more intuitive and make
controlling the hand more subtle. Project success will be measured by creating multiple grip
options, improving finger dexterity and adding thumb mobility, converting the actuation
mechanism to electromyographic (EMG) control, and incorporating vibrational user feedback.
With the help and support from Santa Clara University’s School of Engineering, BioInnovation
and Design Laboratory, Robotic Systems Laboratory, and Frugal Innovation Hub, as well as,
from Xilinx and BMVSS, the HELP Hand team designed an electrically-powered, robust, and
low-cost prosthetic hand for people with unilateral transradial amputations in India with white
collar lifestyles.
The overall impact of this was that the team made significant progress towards a design that
addresses the needs of the target population and can be manufactured and distributed by BMVSS
in the future. The design has great potential for scalability by future teams.
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With an understanding of the background, scope, demographic, and management of the project,
tangible goals were set to provide a roadmap for the project and project team:
Goal 1: Develop a prosthesis that fits the needs of the Indian population and helps users
lead a better life.
Goal 2: Learn as much about the design process as possible along the way
Goal 3: Bridge the empathy gap
Goal 1 was to develop a prosthetic that fit the needs of the Indian population and help individuals
with amputations lead a better life. Taking a step back from engineering, Goal 2 was simply to
learn as much as possible about the design process as possible during the project. It was a rare
occasion to operate in an environment with a large safety net, and for the team to not have taken
advantage of that would have been a missed opportunity. The process was demanding and forced
the team to expedite the design process and truly learn and experience all of the details and
variables needed to be successful. In conjunction with the Jesuit values that Santa Clara instills in
many different aspects of education, Goal 3 expands the project scope to encompass other
aspects that are much broader than purely an engineering approach.
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Chapter 2: System Overview
This chapter discusses an overview and requirements of the system, system diagrams, and a
project management overview to illustrate the goals of the team.

2.1 System Level Requirements
For optimal hand performance, system level requirements must be defined in great detail. Using
the survey data collected from the target population, the team derived design criteria that would
ensure the product met the most important user needs. Market research on existing competing
prostheses was used to obtain quantifiable standards to which the product should be built. These
two bodies of information guided the development of the design such that it fulfills the needs of
the target population while also ensuring the delivery of a competitive product to market. The
resulting 12 key design requirements for the design are listed below in Table 2.1.1.
Table 2.1.1: Key design requirements derived from the needs of the target population.
Key Design Requirements
Is able to perform Wrap, Key, and Pinch grip
Applies 8 lbs of force
Opposable thumb (two trajectories)
Auto-stops at achieved grip
Overall weight < 1 lb.
Actuates wen intended to 90% of the time
Maintains signal strength for 8 hrs
Prevents unintended actuation 95% of the time
Glove resembles human hand
Vibrotactile feedback
Cost between $500-$2000
Components fit into glove
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Figure 2.2.2 illustrates the overall process of the hand, as well as how the various subsystems
interact and are linked by an Arduino Nano.
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Figure 2.2.1: Concept of operation.
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Figure 2.2.2: High level flowchart.
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2.3 Project Management Overview
This senior design team was an interdisciplinary collaboration between Mechanical Engineering
and Bioengineering. It was composed of six undergraduate engineering students, three
mechanical engineering and three bioengineering. A partnership with a student from the Public
Health department supported the project by helping with user-needs gathering and analysis.
The undergraduate team was supported by advisors from both the Mechanical and
Bioengineering Departments in the School of Engineering and the Public Health Department in
the College of Arts and Sciences.
Figure 2.2.3 gives a picture of the component layout for the design of the hand. Inside the palm
of the hand, the motors used to control the transmission system and the fingers and thumb
movements in the hand are located here; the MyoWare Sensor, accelerometer, and Arduino Nano
are also located in the palm. These components are used for the biosensing and are programmed
so the hand knows to move. There is a bolt connection between the hand and the socket, and the
vibrotactile motor, along with the electrodes, are located inside the sleeve.
Electrodes
Fingers & Thumb
Motors

Vibrotactile
Motor

Connection
Point
MyoWare Sensor ,
Accelerometer , & Arduino
Nano , Prototyping Board

Figure 2.2.3: Component layout of the hand.

The figures below show more specific diagrams of subsystems that are mentioned in the concept
operation and high level flowchart. Figure 2.2.4 illustrates the software level flowchart diagram
for the actuation of the hand. The electrical component diagram is shown in Figure 2.2.5. This
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diagram looks specifically at how all of the electrical components are related and connected
through the Arduino Nano.
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Throughout the year, the team met at least once a week with at least one advisor. The team also
met without advisors at least once a week to work on the project design and creation. Each team
worked independently of one another on their respective subsystems for the bulk of the project.
Each team was responsible for both keeping detailed notes on the progress they made, as well as
keeping up to date on the progress of the other team. When it was time to interface the
subsystems, the team began to work together to make sure integration went as smoothly as
possible.
The team relied heavily on the use of the program Slack to communicate and share information.
Each member was expected to check Slack frequently for any important information or to help
resolve any issues that may have come up. The team emphasized communication in order to
ensure great teamwork, collaboration, and fast conflict resolution.
The COVID-19 pandemic introduced complications with the project that the team had never
considered at the start of the project. Team members and project advisors were spread across
three different time zones, with a time difference of up to 12.5 hours apart. The team split
responsibilities to manage the separation of team members. For example, some team members
were responsible for completing the design transmission system, while others were responsible
for compiling the code or editing the thesis in full. This held team members responsible for
completing their tasks by the designated due date on the schedule that the team put together soon
after the team was separated. When systems were completed, parts were shipped to a single team
member for final integration of the full system. Communication between team members and
project advisors was crucial in the second half of the project completion. The team worked well
to complete tasks together when needed. The team relied on Zoom for team meetings and work
sessions. Slack was used to maintain contact between members when not in a Zoom meeting.
The team used these programs to address any complications when integrating the final system,
put together the final presentation, and complete the final thesis. Using this system of
organization, the team was successful in providing a functional prototype in time for the final
presentation.
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2.3.1 Project Timeline
To ensure the completion of the project by the Senior Design Conference in Spring 2020, the
design team followed the following timeline shown in Table 2.3.1 below.
Table 2.3.1: Simplified Project Timeline
Fall Quarter 2019

Winter Quarter 2020

Spring Quarter 2020

Data Collection
● Information gathering
● Customer Needs
● Create & distribute
survey
General Design Decisions
● Biointerface
● Grip types
● Thumb actuation
● System diagrams

Prototype Iteration
● Order parts
● Mechanical design
drawings and 3D
printing
Subsystem Verification
● Biosensing experiments
● Accelerometer testing
● Transmission testing
● Motor testing

Integration of Full Hand
● Implementation of
wearable, non-invasive
interface
● Implementation of
electrical interface
● Fits in prosthetic glove
● Final cost
● Weight of hand
● User validation testing
Completion of Thesis

2.3.2 Budget
The project has been funded by the Santa Clara University School of Engineering, Xilinx,
Bhagwan Mahaveer Viklang Sahayata Samiti (BMVSS), and the Robotics System Laboratory. A
little over $7,500 was provided to the team in order to complete the project. A summary of this
funding is given in Table 2.3.2 below. With the sources of funding listed above, there were no
concerns for budgetary shortfall with this project; the team remained within budget to complete
the project.
Table 2.3.2: Senior Design Project Funding
Funding
Source

Amount

School of Engineering

$3,000

Xilinx Funding

$2,527

Bhagwan Mahaveer Viklang Sahayata Samiti (BMVSS)

$1,000

Robotics Systems Lab

$1,000

Total

$7,527
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Chapter 3: Biointerface Subsystem Iterations and
Design
The role of the biointerface subsystem is to translate user intention and motion into reliable
signals that can be used to command the mechanical actuation of the hand. It also encompasses
any direct interface with the user, including user feedback, the sleeve, and the socket.

3.1 Actuation Mechanism
The actuation mechanism is the component of biointerface directly responsible for translating the
user’s intention into the mechanical actuation of the hand. The requirements for the actuation
mechanism were that it must be:
● Anthropomorphic and visually subtle
● Easy to use
● Comfortable for long-term wear
● Requires minimal physical exertion
● Highly reliable (efficiently translate intention into actuation and prevent unintended
actuation).

3.1.2 Options Overview
The options explored for the actuation mechanism were flex sensor control and
electromyography (EMG).
Flex Sensor Control
The 2019 HELP Hand used a flex sensor control system for operation of their prosthetic device.
Flex sensors consist of flexible conductive ink printed onto a flexible base forming a resistor.
When the sensor is bent, the conductive layer is stretched. The stretch in the resistor results in
reduced cross section and an increase in resistance. Placing a flex resistor on the body allows for
a user to control the stretch of the resistor with the movement of his/her limbs. Flexing or
contracting the part of the body where the flex sensor is placed will change the resistance value
measured. The change in resistance can be translated into actuation and control of the hand [28].
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The use of flex sensors is similar to a combination of electric and body-powered prostheses. The
flex sensor is worn by the user at one location across a joint, such as on the back, shoulder, or
elbow. The flex resistors are fairly light and require minimal force in order to activate, unlike the
large amounts of tension required to pull the cables of a body-powered prosthetic device. Flex
resistors also require minimal signal processing because the spikes in resistance can be directly
translated into actuation.
However, a flex sensor would still restrict the user’s movements, depending on where it is
placed. These sensors may also reduce the comfort and anthropomorphism of the system because
the movements needed to bend the sensor (e.g. bending elbow or shrugging shoulder) would not
be visually subtle.
Electromyography (EMG)
As previously discussed in the literature review, EMG involves the placement of electrodes on
the skin to detect electrical signals associated with muscle contraction. When motor neurons
within skeletal muscles fire, the contraction of muscle fibers results in the generation of small,
differential electrical voltages, which can be picked up by the electrodes. Only slight muscle
movements are needed to create detectable EMG signal, which means that EMG control for a
prosthetic device is more subtle and easier to use. A few important considerations for EMG use
in prosthetic devices are the placement of electrodes, skin contact, signal processing, and the
type of electrodes.
First, the location of the electrodes is important. Different muscles are associated with flexion
and extension of the hand. In order to ensure ease of use, the target muscle must be chosen with
great care. Generally, one of the muscles near the prosthetic is selected so that the electrodes are
hidden and do not restrict other areas of the user. The electrodes should be placed along the
midline of the muscle belly to maximize the signal acquired. There is often also a reference
electrode that must be placed in an area with minimal muscle activity. The number of electrodes
needed will vary with the type of prosthetic. Since a hand prosthetic will be repeatedly taken on
and off each day, there needs to be some way to ensure that the location of the electrode(s) on the
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residual limb will be consistent. Variation in the placement of the electrodes may result in a
diminished or lost signal.
Next, the skin contact of the electrodes affects the strength of the signal obtained. Tight contact
with the skin is necessary to maintain throughout the day to avoid variation in signal.
Environmental factors that can affect electrode contact include sweat, dirt, and humidity. These
conditions are likely to affect the use of electrodes in the Indian climate. The effect of these
factors on the signal vary by type of electrode as well. For example, wet electrodes are affected
the most by sweat and dirt interfering with the electrode contact interface.
Finally, EMG requires significant signal processing in order to convert the electrical signals from
the muscles into meaningful data. The raw signal must be amplified, rectified, and integrated as
demonstrated in Figure 3.1.1 below.

RAWEMGSignal

Rectified EMG Signal

◄--,~~t~~~~

__J~~.__-~1/L
~

L

1

Rectified & Integrated
EMG Signal

Figure 3.1.1: EMG signal processing [29, open source].

This processing can be accomplished through integrated EMG sensor boards such as the
MyoWare Muscle Sensor. Sensors like this are designed to work in conjunction with a
microcontroller, and take in raw data to output the amplified, rectified, and integrated signal. In
order to make the signal highly reliable, EMG usually requires additional filtering in order to
remove any motion artifacts, physiological noise, or ambient noise.
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One of the most important considerations in EMG is the type of electrode used. There are 3 main
types the team looked into: wet, dry, and textile electrodes.
Wet Electrodes
Wet electrodes generally consist of dual-snap Ag/AgCl gel electrodes. They are limited to shortterm use as the gel dries up and the signal degrades over time. Wet electrodes should be replaced
after each use. They are soft and adhere tightly to the skin due to the gel interface. However, the
adhesive can be uncomfortable to remove at the end of each use, and cause may skin irritation if
used repeatedly [30]. These electrodes are relatively inexpensive, costing around $20 for a bag of
$50 electrodes.
Dry Electrodes
Dry electrodes are made out of pure metals, like titanium. They do not have a gel or adhesive
layer, which means they are more comfortable and irritate the skin less than wet electrodes, but
dry electrodes lack conformation of the electrode to the skin. Dry electrodes can be fairly
expensive, as cheap dry electrodes cost more than $200; but they do not have to be disposed of
after each use. This allows them to be built into the socket, making them easier and more
sustainable to use in a prosthetic. High-end dry electrodes can also have built-in signal
processing and noise filtration [31].
Textile Electrodes
Finally, textile electrodes are an adaptation of dry electrodes. They have the same characteristics
of dry electrodes but are made of flexible polymers and textiles with a conductive material
layered on top. Silver-plated conductive thread can also be used on top of the flexible materials
to pick up signals. This allows textile electrodes to better adhere to and move with the skin
compared to traditional dry electrodes. They are also much cheaper and can easily be made.
However, textile electrodes cannot be incorporated into the socket of the prosthetic like dry
electrodes, so electrode placement becomes a cause for concern. They also require external
signal amplification and processing [32].
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3.1.3 Final Design Decisions
Both the flex sensor and EMG based designs have advantages and disadvantages. The table was
created in order to guide the team’s design decision.
Table 3.1.1: Comparing Actuation Mechanisms
Actuation
Mechanism

Monetary
Cost

Ease of
Implementation

Areas of
Growth

Signal
Processing
Required

Movement
Required

Other
Disadvantages

Flex Sensor
Control

Low-Cost
Accessible

Requires shirt or
other method of
maintaining on
body

Could place
resistors on
different
body parts

Minimal
Signal
processing

Shrugging
of shoulder
or other
significant
movement

Restrictive

Electromyo
graphy
(EMG)

Moderate
cost of
electrodes

Requires more
electrical
components and
electrodes
maintained in
socket/sleeve

Multiple
grips via
various
contracts of
muscles

Significant
Signal
Processing

Muscle
contracts
slightly
beneath
socket

Affected by
sweat, humidity

Decision

EMG

When analyzing the above options, it was extremely important to keep in mind the needs of the
target population, especially anthropomorphism and increased functionality in particular.
Electromyography requires subtle movements for actuation and can be fully hidden under the
prosthetic, while flex sensor control requires more significant movement and a specific shirt or
other wearable system. EMG also has great potential for adaptation and expanded functionality,
as different muscles or patterns of contraction can be translated into different actions. Therefore,
EMG was deemed to be most in line with these requirements.
Electrode Types
Based on the decision to use EMG as the actuation mechanism, it was also necessary to
determine which kind of electrode to use in the design. The following table was created to guide
this decision.
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Table 3.1.2: Comparing Electrode Types
Electrode Types

Cost

Wet

Low cost

Comfort
Discomfort upon
removal

Sustainability

Signal Processing

Single-use

Requires external
signal processing

Multi-use

Built-in signal
processing and
noise filtration

Multi-use

Requires external
signal processing

Conforms to body
Moderate-high cost
Dry

Potential for bulk
discount
Low cost

Textile

Can be made out of
readily available
materials

No discomfort upon
removal
Does not conform
to body
No discomfort upon
removal
Conforms to body

Decision

Textile

As shown in the design decision matrix, textile electrodes are low cost, sustainable, and do not
cause discomfort upon removal. They best fulfill the requirements of reducing cost and comfort
and are adaptable to a variety of manufacturing methods. Therefore, it was determined that
textile electrodes should be the final goal of this project.

3.1.4 Iterations & Verification Testing
In order to determine the feasibility of the design and ensure that the aforementioned
requirements for the actuation mechanism were met, it was necessary to perform multiple
iterations with testing at each step.
Electrode Placement
First, it was necessary to select a muscle on which to place the electrodes. The team decided to
target the flexor carpi radialis, a muscle associated with flexion of the wrist that extends from the
elbow to the wrist on the anterior of the forearm, as shown in Figure 3.1.2. According to Dr.
Mukul, our contact from BMVSS, prosthetic users must have approximately 10-13 cm of
residual limb distal to the elbow in order to qualify for a myoelectric prosthesis. The belly of the
flexor carpi radialis falls within that range. Subsequently, it was necessary to determine three
things:
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1. The amplitude of the signal obtained by contraction of this muscle
2. Whether there was significant variation in the signal depending on where the electrodes
were placed
3. A suitable location placement for the ground electrode

Figure 3.1.2: Flexor carpi radialis muscle highlighted in blue [33, open source].
According to the literature review and the MyoWare Sensor specifications, gel electrodes should
be placed approximately 2-4 cm apart. To test which electrode placement combination was best,
one of the team member’s arms was segmented into 2 cm increments down the midline of the
flexor carpi radialis, from the elbow crease to about 10 cm distal to the elbow, avoiding
innervation zones and myotendon junctions. A test setup was created involving electrode cable
leads soldered to a MyoWare Sensor, which was connected to an Arduino Uno, as shown in
Figure 3.1.3. The subject's arm was prepped using an alcohol swab, and electrodes were replaced
in between trials with different electrode locations. The ground electrode was placed on the
antecubital fossa, or the fleshy part of the forearm just distal to the elbow crease.
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Figure 3.1.3: Electrode placement testing setup.

Data was collected through a serial port between Arduino and MATLAB. Although this
connection decreased the sampling frequency to about 600 Hz, it was still sufficiently greater
than the Nyquist rate for muscle contractions, so the data was still accurate. Upon initial testing,
one of the first problems encountered was the presence of motion artifacts. Muscle contractions
resulted in a clear signal, but so did random movement of the arm, resulting in a low signal-tonoise ratio (SNR). It was determined that motion was the main source of noise. Further
explanation of the reduction of this noise can be found in the following sections. Once this noise
was reduced, in order to compare various electrode placements, 5 seconds of contractions and 5
seconds of arm movement (motion artifact) was recorded and the SNR was calculated for each
position. The following data was acquired:
For greater detail on the position of the electrodes on the forearm, see Appendix K. The biggest
takeaway from this testing was that the SNR remained relatively high throughout the entire
region of electrode placement options. This was a positive indicator that the flexor carpi radialis
was a good muscle to target for flexion, and slight variation in the placement of the electrodes in
the final design would not completely obscure the signal.
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Figure 3.1.4: SNR for various electrode positions.

Signal Filtering
As previously mentioned, motion artifacts resulted in a significant signal, as shown in Figure
3.1.5. In order to ensure that users did not have to flex extremely hard in order to activate the
hand and prevent the hand from activating unintentionally, it was necessary to filter out some of
this noise. This would result in a clearer signal associated with muscle contraction and establish a
reasonable threshold for actuation.
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Figure 3.1.5: Motion artifact vs. intentional contractions.
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500

The team’s initial idea for distinguishing between intentional contractions and random
movement of the arm was through filtering in the frequency domain. This involved first
converting the data from the time to the frequency domain using Fourier Transform. Once the
data was converted, the team had to determine whether arm movement and muscle contraction
events occurred at different frequencies. If this was true, the team could design an appropriate
filter using MATLAB’s signal processing toolbox to filter out the frequency at which arm
movement noise occurred.
However, upon testing this method using the same testing setup as shown in Figure 3.1.3, two
issues became clear. First, the frequencies of arm movement and muscle contraction ended up
being fairly similar, within the 0-30 Hz, range. Although motion artifacts tend to be in the 10-20
Hz range, muscle contractions can be anywhere from 0-150 Hz. The overlap in the signals made
filtering difficult because any filtering methods tested diminished the signal as well as the noise.
Second, testing showed that taping down any loose wires to the test subject’s forearm
significantly reduced the noise, as evidenced by Figure 3.1.6. This discovery and experimental
setup alteration resulted in a much greater signal-noise ratio, leading the team to conclude that
minimizing wire movement is imperative in the final design.
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Figure 3.1.6: Motion artifact vs. intentional contractions, wires taped.

40

However, significant rapid shaking or sudden movement of the arm could still cause spikes in the
signal that could result in an unintended actuation, as seen below in Figure 3.1.8. Thus, it was
still necessary to effectively filter out these instances.
Filtering Rapid and Sudden Arm Movements
In order to prevent unintended actuation by sudden movements or shaking of the arm, the team
decided to look into threshold control with an accelerometer. The Adafruit LIS3DH Triple-Axis
accelerometer (shown in Figure 3.1.7) has 3 axis sensing and only draws 2 μA of current. The
low power consumption of this accelerometer made it an ideal component to include in the
design.

Figure 3.1.7: Adafruit LIS3DH Triple-Axis Accelerometer [34, with permission by Adafruit].

With the accelerometer placed on the arm, the accelerometer reads x, y, and z data at once. Using
this data, the Arduino can calculate the magnitude of the acceleration for any given time, which
is easier to observe patterns with (rather than looking at individual x data for example). The team
recorded data simultaneously from the accelerometer and the MyoWare Sensor (both on the arm)
while shaking and making sudden movements. This data allowed comparison of accelerometer
values with the MyoWare signal (Figure 3.1.8).
Although the peaks for the acceleration magnitude did not correspond directly with the peaks in
the MyoWare Sensor, it was possible to find a correlation by comparing values over a period of
time. Thus, the team decided to segment the data into short time intervals (0.5 sec). By
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examining the magnitude of the acceleration over 0.5 seconds during shaking and sudden
movements that triggered the MyoWare, it was possible to set a threshold for the accelerometer
(corresponding to the lowest value of the magnitude of the acceleration within the 0.5 s after the
MyoWare threshold is exceeded when shaking the arm).
A more detailed description of the testing and accompanying results can be found in Appendix
M. The team determined the best accelerometer threshold to be equivalent to 20 m/s2. If the
accelerometer threshold were to be exceeded, this would signify that motion of the arm was
falsely triggering the MyoWare Sensor rather than actual muscle contractions.
The accelerometer acts as a secondary check to prevent rapid arm movement from creating
unintended actuations. Thus, actuation only occurs when the MyoWare Sensor threshold is
exceeded, and the magnitude of the acceleration is below the accelerometer threshold (Figure
3.1.9).
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Figure 3.1.8: Accelerometer data and corresponding MyoWare signal with a threshold of 1.95 V.
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Figure 3.1.9: Actuation mechanism electronics process diagram [29, open source, 34, with permission by
Adafruit].

MyoWare Threshold Determination
Every amputation is unique. Depending on the size and strength of an individual's residual limb
muscle, the threshold for actuation must vary to accommodate the stronger or weaker EMG
signals. For this project’s target population in India, prosthetists at BMVSS’ fitting centers
determine the actuation threshold for myoelectric prostheses for their patients. However, for the
testing purposes of the team’s research, it was necessary to mimic this process and determine the
threshold of actuation for one of the team members.
The MyoWare threshold must be high enough to prevent as much false actuation by motion as
possible, but low enough so as not to overly fatigue the user. This means the MyoWare threshold
must be higher than the peaks associated with movement, but lower than the highest peaks
associated with strong muscle contractions. The MyoWare threshold determination for the team
was accomplished by using the data from the electrode placement testing to establish potential
threshold values. The reliability of these potential MyoWare thresholds were tested over short
and longer periods of time. An example of this testing is shown in Figure 3.1.10, with the red
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horizontal line indicating a threshold of 2.5 V (or 500 in the scale given by the Arduino). The
green circles indicate “successful” actuations using this threshold, while the red circles indicate
“unsuccessful” actuations.
Reliability Testing
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Figure 3.1.10: Reliability Testing with a Threshold of 2.5 V.

This threshold of 2.5 V was too high for the team’s test subject, as many peaks of the
contractions barely exceeded it. Over time, this would be very fatiguing to the user because the
prosthetic would require strong contractions for every actuation. Based on this result, a
MyoWare threshold of 2V (or 400) was determined to be sufficient for the team’s test subject.

3.1.5 Final Actuation Mechanism Design
The team implemented an electronic circuit using the MyoWare integrated circuit board for
EMG sensing in conjunction with the Adafruit LIS3DH Triple-Axis Accelerometer for
movement detection. Using an Arduino Nano, the system reads signals from both boards and
coded thresholds, which are unique to each user, can be adjusted to alter the sensitivity of both
the biosensing (MyoWare) and the motion sensing (LIS3DH Accelerometer). This actuation
mechanism design, previously laid out in Figure 3.1.9, proved to be successful in preventing
unintended actuation and reliably actuating when intended (see Chapter 6.1 for testing).
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3.2 Tactile User Feedback
Humans have an innate ability to sense the positioning of their body parts. This awareness of the
movement of body parts through space is called proprioception. Tactile user feedback engages
the user’s sense of touch while operating the hand, and therefore increases the proprioception of
the prosthetic [35]. Tactile user feedback gives the user a perceived feeling of touch, grip, and
pressure in the prosthetic hand. Prosthetic devices that lack user feedback often have issues
relating to imprecise control and application of more force than needed to the object of interest,
which can be frustrating for the user [36]. This means that user feedback is crucial in
determining if a prosthetic hand is accepted or rejected by the user.
In the survey conducted by the Public Health team, 80% of the surveyed population preferred the
inclusion of a form of vibrotactile user feedback. The further results from the survey can be
found in Appendix B. The majority of the surveyed population does not currently use an electric
prosthetic with user feedback. This result and research indicated to the team that user feedback is
an important feature to include in the design of the HELP Hand.
The team decided that incorporating a tactile feedback mechanism into the HELP Hand must
meet the following requirements:
● Must be comfortable for the user
● Must not cause skin irritation over long periods of use
● Must maintain anthropomorphism
● Must be low-cost to fit within the project scope

3.2.1 Options Overview
The most common form of providing tactile feedback to the user in electric prostheses is by use
of a vibrational motor. The simplest form of this involves using a single vibrational motor near
the proximal end of the prosthetic device or incorporated into the socket. This vibrotactile
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feedback using vibrational motors can be improved by providing vibrational gradients or patterns
to the user that proportionally indicate the amount of force being applied to a grasped object.
Electrostimulation is another method of providing tactile user feedback. This method involves
surgically implanted electrodes that when activated stimulate the nerve endings in the user’s
residual limb to provide the user with an actual sense of touch [37].
Vibrational Motor
In electric prostheses, vibrotactile feedback is the main form of user feedback found, but its
incorporation varies by design. Prosthetic devices that use vibration motors often have the
motors placed directly on the skin of the residual limb or inside the prosthetic hand itself. The
motors give a basic level of proprioception to the user by allowing them to feel a vibration that
correlates with the gripping motion of the hand.
The simplest implementation of a vibration motor is a single motor providing a short pulse to
indicate the completion of an action. This method gives the most basic form of feedback and
does not tell the user how much force is being applied by the prosthetic. However, a possible
way to improve this method is to implement vibration patterns that indicate how much force is
being used to grasp an object [38].
Another implementation of vibrotactile feedback is using a vibration gradient to indicate the
amount of force applied to the object. This method requires the use of multiple vibrational
motors or the inclusion of other sensors, like force sensors or piezoelectric sensors, to detect the
force being applied. The inclusion of the gradient allows for more sensory information to be
passed to the user at the cost of increasing the cost and complexity of the prosthetic [38].
Vibration motors are a very low cost option for providing user feedback. Vibration motors are
also relatively easy to implement into the design as they only use low amounts of power. The
team would implement the motor using pulses of current, which may lead to errors in the other
sensors. Determining the placement of the vibration motor(s) is also important. Placement too far
away from the user means that the tactility may not be great enough to give any useful feedback
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to the user. Placement of the vibration motor(s) on the skin may lead to irritation if the user is
wearing the prosthetics for extended periods of time every day. Vibration motors also produce
sound when activated, which may be noticeable to the user or to others. The sound produced by
the vibration motors may reduce the anthropomorphism of the prosthetic.
Electric Current
Electrical stimulation, or electrostimulation, of the sensory nerves in the hand is an option for
providing tactile user feedback. Sensory stimulation can be applied continuously as the user
operates the prosthetic. Electrostimulation allows for more realistic perception of touch by the
user. The level of stimulation can be adjusted based on the preference of the user. The consistent
stimulation given to the user allows the user to have a better connection to the hand, leading to
better proprioception.
For upper limb prosthetics, the nerve endings for the fingers are targeted for stimulation. As
stated previously, this method requires surgery to implant the electrodes, which may cause
problems for the user. Complications with the implant may lead to pain and possible infection of
the implant site. Replacement of the electrodes is also required, which results in further
operations [38]. Due to the complexity of using electrical current for tactile feedback, the process
is more involved for both the prosthetist and the patient. Complications with the electrodes for
the feedback will require surgical intervention and may be more of a problem for the user than a
helpful feature. In some cases, surface electrodes are used to deliver the electrical stimulation,
but these electrodes are susceptible to dirt and sweat [39].
Electrostimulation is more expensive to implement into a prosthetic than a vibrational motor.
The cost for both buying and implanting the electrodes is much higher than using a vibrational
motor. This method also has a higher repair cost and a more involved repair process. This means
that low-cost prosthetics do not use this method of delivering user feedback. Another concern
regarding the use of electrostimulation was that the target population would be concerned with
the idea of implanted electrodes. Many low income workers would not understand the idea of
using electrostimulation to receive user feedback from the prosthetic and may stray away from
using the hand.
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3.2.2 Final Design Decision
Table 3.2.1: Comparing Tactile User Feedback Mechanisms
User Feedback
Mechanism

Monetary
Cost

Ease of
Repair

Ease of
Implementation

Level of User
Feedback

Other
Disadvantages

Vibration Motor

Low-Cost
Accessible

Easy to
repair

Flexible
implementation

Feedback only
when hand
closes/ opens

Produces sound
May irritate the
skin over
extended use

Electrostimulation

High Cost
Operation
needed
Less
Accessible

Extrenuis
Repair
Process

Surgical
implantation of
electrodes

Consistent User
feedback
Better
proprioception

Pain and
Infection
Surgical
Implant

Decision

Vibration Motor

Electrostimulation had an advantage in the category of user feedback, as the constant stimulation
from the prosthetic provides greater proprioception. However, the high-cost and need for surgery
were two considerations that could not be ignored. As a result, the team decided on incorporating
vibrotactile feedback into the design of the hand. The low cost and accessibility of vibrational
motors make vibrotactile feedback the most viable option for this design. The disadvantages
from the vibration motor depend on the placement of the motor in the prosthetic, and so can be
minimized by adjusting the design of the hand. The vibration motor mechanism is also much
easier to implement and test over the scope of the project.

3.2.3 Vibrational Motor Feedback Iterations
The team considered two mechanisms for providing vibrotactile feedback. The first uses a single
vibrational motor to provide a short pulse to the user indicating when an action is complete. The
second method uses multiple vibrational motors to create a gradient of vibration that can give
feedback to the user depending on the force applied to the gripped object.
The team realized that implementing the gradient of vibration would require the use of additional
sensors, like force sensors, on the fingertips. In order to stay within the scope of the project, the
team decided to focus more efforts on actuating the prosthetic device with EMG instead of
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incorporating force sensing based user feedback. Furthermore, the effectiveness and sensitivity
of these additional sensors would also be hindered by the glove that fits over the hand. Due to the
heavy requirement of anthropomorphism, the team could not afford to sacrifice the glove as part
of the design. As a result, the team decided to implement a basic tactile feedback design using a
single vibrational motor to provide a vibrational pulse to the user indicating when a grip is
complete.
Transistor Circuit
The pin on the Arduino board does not supply a sufficient amount of current to the motor to
deliver a pulse. As a result, the team decided to incorporate a simple transistor circuit, shown
below in Figure 3.2.1. The transistor allows the motor to receive sufficient power directly from
the battery source to deliver a vibrational pulse to the user. The Arduino sends a digital high to
the transistor, which turns the vibration motor on. This circuit also prevents the vibration motor
from pulling power away from the other components connected to the Arduino, like the
MyoWare board and accelerometer. Interference or loss of power to these components would
cause detrimental inconsistencies in the biosensing system. These inconsistencies may lead to
unintended actuation of the hand, which can decrease the quality of the user’s experience with
the prosthetic device.

Figure 3.2.1: Schematic of transistor circuit used to power the vibration motor (M).
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3.3 User Interface
The user interface for any prosthetic is vital to its usability and successful function. As the
survey results show, the HELP Hand cannot afford to disregard the comfort and ease of use in its
user interface design. 96% of survey respondents indicated that they wanted a prosthetic hand
that was both “easy to use” and “not painful.” Aside from keeping the weight of the prosthetic
hand as close to that of an anatomical hand, the user interface, which consists of a prosthetic
socket and a socket liner for this project, plays a key role in meeting these requirements.

3.3.1 Options Overview
The team’s brainstorming for the physical user interface design resulted in multiple ideas for
both the prosthetic socket and socket liner that could be used in conjunction with the HELP Hand
terminal device.
Socket
The initial discussions about socket design included discussion of an adaptable, “one-size-fitsall” 3D-printed socket that could utilize multiple types of electrodes, detailed in Section 3.1, at
various locations depending on the user’s preference and residual limb size. This concept
involved a small channel or linear protrusion above the average location of the flexor carpi
radialis muscle body under which the electrodes could be placed.
However, after conducting research and interviews, Dr. Pooja Mukul informed the team that
BMVSS has a well-established group of trained prosthetists that work one-on-one with all of
their patients to provide them each with a custom socket. Each residual limb is slightly different
due to patient muscle atrophy and bone structure, so the fit of a custom socket is vital to the
overall comfort and usability of the prosthetic. This information led the HELP Hand team to
conclude that it was unnecessary to design a complete socket for the target population in India.
For research and testing purposes, simulation sockets can be used in place of a prosthetic socket.
Simulation sockets are splint-like sockets intended to enable an individual without amputation to
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wear and use a prosthetic device. An example of a simulation socket, which was generously lent
to the team by Dr. Mukul, is shown below in Figure 3.3.1.

Figure 3.3.1: Simulation socket for a body-powered prosthesis, courtesy of BMVSS. (a)
Anterior view. (b) Lateral view. (c) Posterior view.
Prosthetic Liner
Prosthetic liners and sleeves are worn on a user’s residual limb underneath the prosthetic socket
to improve the comfort and fit of the socket. Prosthetic liners are more commonly used by
individuals with lower limb amputations to pad the residual limb and improve comfort when
bearing weight on the limb [39]. For individuals with upper limb amputations, liners are less
common because there is less weight to bear, so the padding is not as necessary. For upper limb
myoelectric prostheses, however, the prosthetic liner can serve another purpose: ensuring proper
and consistent placement of the EMG electrodes on the skin. One promising option is combining
the prosthetic liner with the EMG electrodes in their proper locations such that the liner and
electrodes can be easily put on and taken off together [40].
The type of electrode plays an important role in this design as discussed above. To reiterate the
importance of electrode choice, incorporating textile electrodes would be the most cost effective
and user-friendly design choice because they are reusable and some are even washable, which
would reduce waste and cut cost over time. Textile electrodes also have smaller form factors
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which would improve comfort, but the issue remains keeping the electrodes in the proper place
over extended periods of time.
One option to solve this issue, as discussed with Northwestern Feinberg School of Medicine
P&O Resident Benjamin Welter, is to use a combination of magnets on the inner side of the
socket that line up at the proper electrode locations with magnets on the outside of the sleeve
above the incorporated electrodes that rest on the user’s skin. One challenge of this design is
maintaining reliable signals through a magnetic connection.
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Figure 3.3.2: Socket and myoelectric liner with magnet-based connection concept sketch.

A simpler version of the same concept is to sew or glue the electrode leads for dry or wet
electrodes into a prosthetic liner or sleeve such that the electrodes rest at the correct locations on
the user’s forearm.
A further design decision was to choose a material for the prosthetic liner. Athletic arm
compression sleeves offer a low cost, thin, stretchy, and breathable material for this design.
However, they have little traction against the user’s skin other than the compressive forces, so
they are relatively easy to shift around the arm, meaning they may not adequately prevent the
electrodes from shifting position. Gel prosthetic liners or sleeves on the other hand are another
material option that come at a slightly higher price but are made specifically for use underneath
prosthetic sockets. They are typically made of a flexible, breathable silicone gel covered in skin-

52

tone elastic fabric. Unlike athletic compression sleeves, the gel material provides excellent
traction on the user’s forearm making it reasonably difficult to alter positions once on the arm.

3.3.2 Final User Interface Design Decision
The team decided not to design a socket because it is already done on an individual basis for
each user by BMVSS’s trained prosthetists. Instead, the team decided to create a custom
simulation socket for testing purposes on the test subject’s right arm, which is the subject’s
dominant arm.
Textile electrodes incorporated into a sleeve is the ideal user interface because it would be much
easier to use in daily life while donning or doffing the prosthetic. These electrodes are potentially
even washable and would eliminate the worry of skin irritation caused by adhesive wet
electrodes. However, this design was not feasible within the time constraints of the project given
the other goals for this year’s project, mainly achieving reliable EMG based control. The team
focused on prototyping a modified prosthetic liner sleeve with incorporated wet electrodes for
the final user interface design.

3.3.3 Prosthetic Simulation Socket
Using the simulation socket from Dr. Mukul (Figure 3.3.1) as a reference, the team created a
modified, custom, simulation socket out of fiberglass short arm casting material from OrthoTape
Medical Supply for the team’s test subject’s right arm.
Refer to Figure 3.3.3 below to see the team’s custom simulation socket production process. First,
in order to leave ample room in the splint for the user to fully flex his/her wrist to actuate the
hand, padding was added around a closed fist during the casting process. This padded fist was
then pressed into a wet multi-layered fiberglass sheet, which was molded onto the arm. A hole
was cut for the bolt to be placed at the distal end of the socket and the whole arm was wrapped in
bandage for 3 hours to allow the fiberglass to set. After removal of the wrap, the fiberglass was
allowed to fully harden over 24 hours. Finally, holes were cut for Velcro straps to secure the
simulation socket to the user’s forearm during use.
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Figure 3.3.3: HELP Hand simulation socket production process. (a) Bubble wrap and electrode
placement padding; (b) covered with stockinette; (c) wrapped in cotton padding; (d) layering dry
fiberglass 6-10 layers thick; (e) wetting fiberglass in cold water; (f) pressing arm onto wet fiberglass; (g)
cutting hole to insert bolt at distal end; (h) wrapped securely in bandage to maintain fiberglass shape
conformity; (i) final simulation socket with Velcro straps.

Industry standard for upper limb prosthetic sockets utilizes a bolt of ½-20 size to attach the
chosen terminal prosthetic device [42, 43]. The team chose to incorporate this universally sized
bolt into the test socket, as seen close up in the figure below. This added feature allows the
HELP Hand to be securely attached to most sockets but also easily separable.
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Figure 3.3.4: Threaded bolt connection. (a) & (b) side view; (c) distal view; (d) proximal view.

3.3.4 Prosthetic Liner Iterations
First Iteration: Athletic Compression Sleeve
The first iteration of the prosthetic liner prototype consisted of three EMG electrode leads sewn
into an Under Armour Performance Arm sleeve. Two electrode leads were placed at 4cm and
8cm distal to the elbow (based on results from ideal electrode placement experiments described
in Section 3.1.4). Placement of the electrodes should be at optimized locations as determined
uniquely for each user. The ground electrode was placed on the antecubital fossa.

Figure 3.3.5: First modified prosthetic liner iteration (Under Armour athletic compression sleeve).
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The athletic compression sleeve was very easy to slip on and off, but also easy to rotate out of
position on the forearm, as previously described. The movement often tugged on the wet
electrodes adhered to the user’s skin, partially removing them which led to inconsistent signal
acquisition and sometimes forced the user to replace the electrodes.
Second Iteration: Prosthetic Gel Sleeve
To achieve more reliable electrode placement with this design, the second iteration changed liner
materials from the Under Armour compression sleeve to a Silipos gel arm suspension sleeve.
This suspension sleeve is made from the same medical grade gel commonly used for prosthetic
liners. This material also helps in reducing the amount of sweat and dirt that could come in
contact with the electrodes, which would interfere with signal acquisition. Additionally, the
ground electrode was moved to the ulna bone on the posterior side of the forearm. This allows
for placement of the ground anywhere along the ulna bone, rather than one singular location at
the antecubital fossa, thus enabling more user customizability. The antecubital fossa was also
more susceptible to irritation because of its thin skin and location near the elbow crease.
The following steps were taken in the production of the second iteration liner:
1. EMG electrodes were placed at the previously described ideal placements (4cm & 8cm)
with the ground electrode on the ulna bone.

G

Figure 3.3.6: Ideal electrode placement for HELP Hand test subject.
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2. The three location and ground EMG electrode leads were sewn into a Silipos 13005 Arm
Gel Suspension Sleeve and coated with adhesive to prevent unraveling, for optimal
electrode-skin location.

a

b

Figure 3.3.7: EMG electrode leads sewn into the inside of Silipos Arm Gel Suspension Sleeve. Black is
ground. (a) right side out; (b) inside out.

3. The Coin Type Vibration Motor (B1034.FL45-00-015 from ZHEJIANG YUESUI
ELECTRON STOCK CO., LTD) was sewn into the same sleeve on the lateral side of the
forearm such that it rested on the skin at the center of the brachioradialis muscle body.

bb

aa

Figure 3.3.8: Vibrational motor sewn to Silipos Sleeve. (a) right side out; (b) inside out.
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4. Lastly, wire tethers from the three electrodes and from the GND/PWR wires of the
vibrational motor were wired to a 5-pin female/male connector (RGBZONE JST SM
5PIN Plug Male-to-Female EL Wire Cable Connector Adapter) for easy connection to the
HELP Hand once the socket has been put on.

Figure 3.3.9: Wired in connector for sleeve to HELP Hand device.

This second iteration using the gel prosthetic sleeve still fits comfortably snug on the user’s limb
underneath the custom socket. More importantly, it provided a much greater grip on the user’s
forearm which successfully held the electrodes in place over extended periods of time while
preventing unwanted rotation. One drawback of the added grip is that it does lessen the ease of
removing the sleeve. However, ensuring consistent electrode placement over time doing daily
tasks takes priority for maintaining proper functionality. Furthermore, this issue will hopefully be
addressed by further project iterations moving toward a more textile electrode-based system.

Figure 3.3.10: Final HELP Hand prosthetic liner sleeve prototype.
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3.3.5 Final User Interface Prototype
The final user interface prototype (as seen in Figure 3.3.11) was implemented by combining the
two previously discussed components: (1) a custom simulation socket for testing the HELP Hand
on team members, and (2) a gel liner sleeve with the EMG electrodes and vibrational motor
incorporated into it. The team implemented this design to best meet comfort, usability, and
functionality requirements for the user interface.

Figure 3.3.11: Final user interface prototype (sleeve and simulation socket).
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Chapter 4: Mechanical Subsystem Iterations and
Design
The role of the mechanical subsystems is to provide human-like movements in the fingers in the
thumb when a signal is received from the bio interface. The team focused on a multiple joint
finger design, a cable and pulley transmission system, and opposable thumb to provide different
grips. Motor selection will also be discussed to actuate the transmission system.

4.1 Transmission Selection
The transmission system was a vital part of the design as it drove hand movements and abilities
in terms of conforming to objects and anthropomorphic movements. The team explored different
options that will be discussed in later sections. The requirements of the transmission system were
as follows:
● Two degrees of freedom
● Apply 8 lbf during grip
● Conform to 3 different grip options
● Conform around different objects
● Provide anthropomorphic movements
These requirements drove the design of the transmission system as the team analyzed and
selected the design that best suited the criteria. The team brainstormed different options for the
transmission system and came up with three possibilities which are listed below:
● Cable and Pulley System
● Gear System
● Alternative Degrees of Freedom
The first option built off of the previous team’s design, using a cable and pulley system to drive
movement in the fingers while adding two degrees of freedom in the fingers (Figure 4.1.1). The
second option would be a gearbox that drives an axle to move the fingers (Figure 4.1.2). The
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alternative degrees of freedom option was using an adaptive gripper (Figure 4.1.3) to have
multiple degrees of freedom in the fingers without using any joints.
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Figure 4.1.1: Sketch of cable and pulley system.
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Figure 4.1.2: Sketch of gear system.
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Figure 4.1.3: Alternative degrees of freedom with adaptive grippers.

The team created a table to compare how each design idea would meet the design requirements
of the transmission system (Table 4.1.1). The team weighted these requirements by importance
out of 100% and gave the design ideas a score from 1-5 (1 being poor performance and 5 being
good performance). This gave the team quantitative information on the strengths and weaknesses
of each design.
Table 4.1.1: Transmission Design Matrix
Criteria

Weight

Cables and Pulleys

Gear System

Alternative Degrees
of Freedom

Two Degrees of Freedom

25%

5

2

3

Apply 8 lbf during Grip

25%

4

5

3

Conforms to 3 Different
Grip Options

25%

5

4

4

Able to conform around
Different Objects

15%

4

3

5

Provide Anthropomorphic
Movements

10%

4

3

3

4.5

3.5

3.55

Score
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Based on this table, the cable and pulley system won by roughly 1 point (~20% better). This was
because the cable and pulley system provided an efficient method to meet all design
requirements at a high level. The gear system lost points in the categories of two degrees of
freedom, conforming around objects, and providing anthropomorphic movements. The gearbox
would only drive one axle, limiting its grip capabilities and movements. The alternative degrees
of freedom option lost points because it did not provide the joint-like movement, lacked strength
in its structure, and could flex in ways that were not human-like. The team then moved forward
with the cable and pulley system into a more detailed design discussed in the next section.

4.1.1 Transmission Design
The cable and pulley system was adapted from the previous team’s design with minor
adjustments to accommodate for more degrees of freedom and incorporate more fingers in use
during the grip. The design would use two degrees of freedom in the pointer, middle, and ring
finger and only one degree of freedom for the pinky as it did not provide much additional
strength in the grip. The team started with a cardboard cutout and strings as well as pulleys and
rubber bands (Figure 4.1.4) to simulate movement and ensure that the fingers could conform to
different objects.

Figure 4.1.4: Cable and pulley validation.
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Once this was confirmed, the team started to design parts that would produce the two degrees of
freedom and be anthropomorphic in their movements. A system that utilized cables and pulleys
also helped accommodate for the actuation of an opposable thumb joint. The pulley system used
two pulleys to move the pointer, middle, and ring finger, and a separate cable to pull the thumb
joint with a different motor. The movements of the fingers by the pulleys made the motion more
fluid to resemble that of human fingers. The finished system is shown in Figure 4.1.5 below.

Figure 4.1.5: Final pulley and cable configuration.

4.1.2 Pulley Analysis
The pulleys were 5 mm Harbor Models Block Pulley AER5227-22. The rotating part of the
pulley is made out of brass, and the hub and bolt of the pulley is made out of nickel. The yield
strength of brass is 34,763.94 psi. This value was used in the calculations for bolt and bearing
stress.
The pulley was analyzed with the total external load given by the motor. In order to create a
gripping force of 7.87 lbf, the motor must exert a force of 50.20 lbf. This load is important
because it causes the cables to be moved with enough force to translate into the desired grip
force in the tip of the fingers and grasp an object. The free body diagram of the pulley is shown
in Figure 4.1.6.
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Figure 4.1.6: Free body diagrams of the pulley as well as the finger in relation to the pulley.

The hand calculations for the pulley showed that the load needed in order to create the desired
grip force was 32.45 lbf. This was assuming that the pulley is in the hand 1.57 in (0.04 m) from
the bottom of the finger, and the finger is 3.15 in long (0.08 m). It was also assumed that the
pulley was located 0.50 in (0.01 m) away horizontally from the tip of the finger. The factors of
safety were assumed to be much lower than those of the fingers because this specific pulley is
made out of weaker materials than titanium. The necessary load was also very large for the size
of the pulley, so it was possible that the pulley would fail.
The team performed hand calculations to find the bearing and bolt stress, since those were the
locations most likely to fail. Figure 4.1.7 shows the calculations used to find the tension force
that was needed to be exerted on the pulley in order to create the desired grip force of 7.87 lbf. In
order to find the tension force of the pulley, geometric analysis was used to find the angle
between the pulley and the tip of the finger. In the hand design, the pulley is slightly below the
fingers vertically because of how the housing unit is placed. Using trigonometric identities
shown in the calculation below, the angle between the pulley and the tip was found to be 9.019
degrees, and with this angle, the tension force needed was found to be 50.20 lbf. The following
trig identities were used to find the angle:
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Figure 4.1.7: Diagram to calculate the tension force of the pulley in order to achieve a gripping force
needed for the finger.
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Figure 4.1.8 below shows the steps to calculate the factor of safety in both the bearing and the
bolt of the pulley. For the bearing, the strength under the previously calculated tension force
needed to be calculated and then compared to the yield strength of brass. The equation for the
strength can be found in Shigley’s Mechanical Engineering Design and is used below in the
Bearing Stress calculations [44].
In the equations above, F is the tension force, d is the diameter and t is the thickness. The
strength was found to be 3,268.27 psi. After this value was found, the factor of safety was
calculated to be 10.6 when the yield strength of brass, 34,763.95 psi, was divided by this value.
To find the factor of safety for the bolt, the shear stress needed to be calculated. Using the
equation for shear stress of a bolt found in Shigley’s Mechanical Engineering Design, the shear
stress was found to be 6,653.84 psi. This value was found by dividing the tension force by the
area of the bolt. Once this value was found the yield shear stress was calculated by dividing the
yield strength by the square root of 3.
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This equation was also given by Shigley’s Mechanical Engineering Design, and the resulting
yield shear stress was 20,070.97 psi. When dividing the yield shear stress with the shear stress of
the bolt, the factor of safety was found to be 3.0. Both factors of safety showed that the pulley’s
bolt and bearing were safe under the desired conditions of the hand grip force.
Bearing Stress Calculations:
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Bolt Stress Calculations:
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From the FEA analysis, the stress of the bearing was found to be 1,423 psi and the stress of the
bolt was found to be 1,509 psi. The findings of the FEA showed less stress in the bearing (shown
in Figure 4.1.9) and the bolt (shown in Figure 4.1.10) than what was found in the hand
calculations. This would make the factors of safety larger than what was expected. This could be
because of an error in hand calculations. The location of the pulley was estimated, and many
assumptions were made without testing and set design. This could lead to discrepancies between
the FEA and hand calculations and should be done again once the design is set in stone.
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Figure 4.1.8: Von Mises stress on the bearing of the pulley shown by the probe.
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Figure 4.1.9: Von Mises stress shown at the location of the bolt of the pulley shown by the probe.

4.1.3 Finger Design
The fingers were designed to create a second degree of freedom in the joints. This was achieved
by making the fingers into two different members to be connected by a metal pin. The top
member had a slight bend to create a better grip around objects. The first iteration of the fingers
had the cable connected to the top member and running along the outside of the finger and
connected to the housing unit. When thinking of how the hand assembly would fit in the glove,
the team realized that it would be best to create a slit running through the bottom member of the
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finger to avoid pinching the glove between the two separate parts of the finger. The finger
assembly is shown in Figure 4.1.11 below. For detailed drawings of the finger, see Appendix L.

Figure 4.1.10: Final finger assembly design.

4.1.4 Finger Analysis
The team needed to perform stress analysis on the pin in order to see whether the design would
be able to withstand the desired weight capacity for the hand. The pin diameter was 3/32” x
7/16” according to the finger design. The applied 8 lbf load created 4 lbf shear stress on both
ends of the pin. The factor of safety (n) was assumed to equal 3, and the pin was made out of
AISI 316 Stainless Steel where the yield strength is equal to 249,999.9 psi. The maximum shear
stress was calculated based on this information. The team then determined whether the pin’s
diameter value could withstand this maximum stress. The maximum shear stress for something
made of this material was found using the following equation:
9

𝜏BCD = 6.*

(8)

The maximum shear stress was found to be 41,666.67 psi. Then, the maximum shear stress of the
pin itself with its specific diameter was found to compare to the initial maximum stress

-

calculation. The maximum shear stress of the pin occurs at the centroid of the cross-sectional
area of the pin where y = D/2. The following equations were used to calculate the maximum
shear stress of the pin:
69

𝜏=

EF

𝜎=

H=

G&

G

E

= 6G (𝑐 6 − 𝑦 6 ) = 0
=

+
,
(I , )
.,

+.4( )

(9)

= 4,944.77 𝑝𝑠𝑖

(10)

9

𝜏BCD = G( 6 )6 + (𝜏)6 = I06 + 4,944.776 = 4,944.77 𝑝𝑠𝑖

(11)

The maximum shear strength of the pin with a diameter of 3/32” was calculated to be 4,944.77
psi. This value was larger than the first value calculated for maximum shear stress based on the
factor of safety. This means that the pin size and the design was acceptable and safe to use for
the design of the hand.

Figure 4.1.11: Side view of cross-sectional area of pin connection.

4.2 Thumb Overview
The design of the thumb was an important part of the hand because an opposable thumb would
allow for multiple grip options and provide greater functionality. The challenge was to find a
method to allow the thumb to follow multiple trajectories and still fit within the confines of the
glove. Below were the requirements for the thumb and its performance:
● Perform key, pinch, and wrap grips
● Apply 8 lbf during grip
● Manual adjustment of position
● Lock into place for grips
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4.2.1 Grip Orientations
The key, pinch, and wrap grips are essential grips that provide basic functionality in the hand and
allow the user to grasp multiple kinds of objects. Below are the three different grip orientations
that the team aimed to design (Figure 4.2.1):

Key Grip

Pinch Grip

Wrap Grip

Figure 4.2.1: The required grip orientations for the thumb.

4.2.2 Thumb Design
In order to perform the various grip orientations, the thumb required two trajectories of
movement. The team first tried to find a manufactured part that could provide these trajectories
(Figure 4.2.2). The trajectories would be changed by a manual shift from the user.
The team first tested a universal joint to see whether it could fulfill this requirement. The
universal joint provided two axes of rotation as shown below (Figure 4.2.3). The team developed
a decision matrix to compare the performance of the universal joint to that of a custom joint
(Table 4.2.1). The features compared were the trajectories, the locking capability, the ability to
shift the thumb manually and the ease of assembly. The universal joint did not allow for both
axes to be rotated at the same time and therefore limited the trajectories of motion. Another
drawback was incorporating a locking mechanism, which would require additional components.
Because of the limited trajectories, the team decided to move forward with a custom design that
could provide the correct trajectories and a locking mechanism.
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Figure 4.2.2: Primary thumb trajectories.

Figure 4.2.3: Universal Joint [45, open source].
Table 4.2.1: Decision Matrix for the Thumb
Feature

Weight

Universal Joint

Custom Joint

Two Fundamental
Trajectories

40%

2

5

Locking Mechanism

25%

2

4

Manual Shift

25%

5

5

Ease of Assembly

10%

4

2

2.95

4.45

Final Score
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The team based this custom design off of the universal joint but improved upon the universal
joint design to allow for the exact range of motion needed to perform the grips. The first iteration
of the joint design is shown in Figure 4.2.4, which had the ability to move along the needed
trajectories and also lock into place with a press fit method.

Figure 4.2.4: First iteration of thumb joint.

After this concept was tested to ensure that the trajectories were correct, the team added in slight
modifications for attachment methods to both the thumb member and the housing unit. The
iteration can be noted in Figure 4.2.5. This iteration was tested to confirm that the thumb could
perform the needed grips. The team was then able to move forward with analysis to ensure
critical parts of the joint were safe under the 8 lbf needed to complete the grip.

Figure 4.2.5: Connection of thumb to housing unit.

73

4.2.3 Thumb Design Analysis
It was necessary to analyze the thumb joint to ensure that it met the requirements of fitting into
the glove and applying 8 lbs. of force. The critical part of the thumb joint is the thumb pin, and
stress analysis was performed to find an acceptable diameter. When 8 lbs. of force was
distributed across the part of the pin that carries the load, the result was a distributed load of 25
lbf/in (Figure 4.2.6). Titanium has a yield strength of 𝜎= = 53,664 psi.

Figure 4.2.6: Applied loading to thumb pin for stress analysis.

Using the Von Mises method with a factor of safety of 𝑛 = 1.5 to solve for the diameter, the
following calculations were made:

*

*

*

𝜎C%%JK = G6 (𝜎* − 𝜎6 )6 + 6 (𝜎6 − 𝜎/ )6 + 6 (𝜎/ − 𝜎* )6

Where 𝜎C%%JK =

9*
.

, 𝜎* =

*3.,7
1/

, 𝜎6 = 𝑜, and 𝜎/ =

)*3.,7
1/

(12)

to substitute into the expression. The

resultant diameter was 𝑑 = 0.01inches for the thumb pin.
To double check the results from the calculations, the team performed finite element analysis to
ensure that the pin would be safe during the maximum load applied. The team performed on the
pin (see Figure 4.2.7 for stress around critical cross-section) and the result confirmed that a
diameter of 𝑑 = 0.01inches was safe to use in the design and would not fail.
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Figure 4.2.7: Stress around critical cross section of thumb.

4.2.4 Assembly Alterations
The team unsuccessfully tried to fit the fully assembled skeleton into the glove, as the wrist area
of the glove was too small to accommodate the thumb assembled with the rest of the hand. This
realization led the team to integrate a linear track (Figure 4.2.8) into the design to allow the
thumb to be inserted into the glove first, followed by the rest of the skeleton, creating a stable
connection with the linear track. The fully assembled thumb with the linear track is shown below
(Figure 4.2.9). For detailed drawings of the thumb, refer to Appendix L.

Figure 4.2.8: Thumb track.
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0

Figure 4.2.9: Fully assembled thumb.
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4.3 Housing Unit Design
The key requirement of the housing unit was for it to accommodate all of the electronic
components into the palm of the hand so that they would not take up space in the wrist area. This
included the accelerometer, circuit board, finger motor, and MyoWare Sensor. The housing unit
is also the central point of connection for the fingers and thumb to provide stability to their
movements. The first iteration of the housing unit accommodated the first iteration of the thumb
and was narrower to fit the first glove that the team intended to use (Figure 4.3.1). After the
glove changed, a second housing unit was designed to attach the thumb with the thumb track and
the volume was expanded because there was more volume in the palm of the new glove (Figure
4.3.2). For detailed drawings of the housing unit, refer to Appendix L.

Figure 4.3.1: First iteration of the housing unit.
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Figure 4.3.2: Second iteration of housing unit.

4.4 Connection Design
The connection unit was created to be a connector between the socket and housing unit. A
universal connection method was important for the connection unit to have. The team
implemented a standard connection - ½-20 bolt. This way it could be compatible with multiple
sockets already on the market. The connection unit was attached to the housing unit using four
screws (Figure 4.4.1). The connection unit also needed to leave room for the thumb motor
(Figure 4.4.2). Making the connection unit hollow helped reduce the overall weight of the hand.
Overall, the connection provided a simple method to connect the housing unit to the socket
without changing the layout of the electronics and motors.

Figure 4.4.1: Connection unit attached to housing unit.
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Figure 4.4.2: Cross section of connection unit to show cavity for the thumb motor.

4.5 Motor Circuit Design
The motor type adopted by the team was the Actuonix PQ-12 Linear Actuator. This decision to
proceed with a servo motor actuator was made based on the success of prior research and
performance of the 2018-2019 HELP Hand Team, information on gear ratios and the ease with
which the actuator was able to change to be agile to varying loads, but also the consistent sizing
of the motor. This linear actuator was also preferred for the use in the pulley transmission
system. The stroke of the motor, as it was retracted and extended proved to be sufficient to
acquire full grip motion. This led to a more compliant grip orientation that delivered on
anthropomorphism motion.
The motor capabilities of the hand came from mechanical-electrical linear actuators driven
through an Arduino microcontroller. Prior to actuation of the motors, a variety of sensors must
fall within certain values in order to signal a change in state of the hand. The sensors for the
entire assembly were the MyoWare Sensor, accelerometer, and current sensing electrical circuit.
These sensors provided feedback for user desired execution, noise filtration, and current sensing
to indicate when a force of eight pounds was reached.
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To ensure that accurate tracking of the hand state was properly monitored, the coding of the
motor control circuit was based on a Boolean logic decision matrix. This organization method
proved to be the most efficient way to code the microcontroller. It also has massive upside
potential for scalability in future developments due to the binary module between the
microcontrollers and sensors. A graphic of the state transition diagram was created to help the
team to predict and meticulously dictate how the various sensor inputs were translated to
mechanical output of the motors. This diagram (Figure 4.5.1) indicates the different scenarios of
the hand state and their corresponding sensor readings (HIGH = 1 or LOW = 0). Its logical flow
drove the organization of the final code because it allowed the team to account for each possible
situation by outlining all possible scenarios.

Sensors:
( 1)
Bio-Sensors = B
(2)
Accelerometer = A
(3)
Current Sensing = C

Figure 4.5.1: State transition diagram with hand positions and Boolean logic number coordination.

The progression toward developing a robust hand led to the need for an auto-stop capability. This
would allow the hand to be rated to a certain resistance pound-footage, of which can be used to
change the progression of the hand. For this term, the hand was to only carry eight pound-forces
for available material parameters. As discussed, the decision to proceed with two motors for
drive actuation was chosen to allow for anthropomorphic contractions of the hand.
The auto-stop capability of the hand proved to be the serious booster in the increase in value to
the patients. This meant that the microcontroller drove the motors until the current required to the
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motor reaches a certain level (threshold), which would stop the motor at the position it passes the
threshold. This was fantastic because it meant that the hand no longer needed a certain position,
but rather, a certain amount of resistance.
The current is sensed by utilizing an oscilloscope to measure the voltage drop across a 0.1 Ohm
resistor, in line with the ground of the motor (Figure 4.5.2). The team initially attempted to use a
multimeter to understand what the voltage values were across the resistor but saw that the
resolution and acquisition speed of the multimeter was too low. Thus, the move to the
oscilloscope was necessary. The spike can be seen in Figure 4.5.3. It produced an understanding
of the exact voltage that was passing over the ground resistor. This voltage value where the
oscilloscope spiked, correlated to a certain amount of resistance (force) on the motor. This
voltage value was then converted to Arduino units, and set as the threshold for the system. This
indicates that the motors would stop driving once that voltage spike was encountered.

----

+

BATTERY
- 6V

Current Resistor

Oscilloscope

100m0

PWR

GND

Jcinger
Mot o r]

l/0

DIODE

Figure 4.5.2: Oscilloscope circuit for measuring current spike across 0.1 ohm resistor.
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Figure 4.5.3: Current spike in finger motor shown on oscilloscope.

4.5.1 Current Sensing Reliability Testing
The auto-stop capability of the hand required reliable sensing of the current drawn from the
motors. As described before, the current was sensed across the shunt resistor to the ground line
for the finger motor. The hand monitors and ceases motion of the motor using a coded threshold
for the voltage that corresponded to that current. This threshold was set to the current reading for
the finger motors when the eight-pound force was applied. In order to confirm that this
requirement of current sensing was successfully met, the team utilized the setup with a force
gauge shown in Figure 4.5.4 below.

Figure 4.5.4: Current thresholding test apparatus.
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With the motor wired to the circuit, it was secured at one end to the testing rig (yellow string)
and at the other end to the moving end of a force gauge. By repeatedly altering the coded
threshold for current sensing, the team was able to determine the exact threshold to have the
motor stop and hold at 8 lbs. of applied force. A more detailed description of the experimental
methods and results can be found in Appendix N. Unfortunately, because the hand was unable to
physically apply 8lbs of force through the cable and pulley transmission system, this found
threshold did not work effectively during system validation testing. After finalizing a mechanical
system that is able to apply 8 lbs. of force, future teams should conduct reliability testing that
shows the current sensing repeatedly stopping the hand at 8 lbs. applied force over multiple
trials. From this trial data, a reliability percentage for current sensing can be calculated.
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Chapter 5: Circuitry & Computing
The circuitry and computing of the system provide a solid foundation for powering and
connecting all of the individual components of the bio interface and mechanical interface.
Having a clear understanding of how everything is connected, both physically and in the code, is
essentially for future manufacturing and scaling of the design.

5.1 Microprocessor
The microprocessor is the essential connection component between the bio and mechanical
interfaces. Input from the MyoWare Sensor and accelerometer is sent to the microprocessor,
which then translates this information into control of the linear actuators and the vibrational
feedback motor. The requirements for the microprocessor were: that it had to be small and fit
within the confines of the housing unit, consume low power, and supply sufficient current output
in the pins for all of the components.

5.1.1 Options Overview
The options explored for the microprocessor were Arduino Nano and Raspberry Pi Zero.
Arduino Nano
The Arduino Nano is a small, 43 x 18.5 mm board, weighing less than 10 g. It is a physical
programmable circuit board with accompanying software or IDE (Integrated Development
Environment) that runs on the computer. It can be used in a variety of electronics projects. Each
of the 14 digital pins (as well as 6 PWM pins) can provide or receive a maximum of 40 mA of
current. It has a 5V operating voltage and draws approximately 19 mA when idle. The Arduino
can be programmed through a USB-port [46].
Raspberry Pi Zero
The Raspberry Pi Zero is a Single Board Computer (SBC). The SBC allows for a user to develop
an entirely functional computer using the microprocessor of the Raspberry Pi. This leads to many
advantages, like multi-string capabilities and more uploading space for robust and complex
computer logic. These advantages have the possibility of leading to high capabilities that
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significantly increase the value of the product. These additions also include WiFi and Bluetooth
connection capability [47].
This WiFi capability was particularly interesting to the team. Research showed that the target
demographic of white-collar workers possessed greater access to digital technology. After
comprehensive training on the hand and the inputs and consequent outputs, WiFi would allow
the user to control the thresholds for actuation and force applied by the hand. These
developments could lead to effective scaling of the HELP Hand to higher socioeconomic target
demographics.

5.1.2 Final Design Decision
After close analysis of key parameters that aligned with the project goals, the team made the
decision to use the Arduino Nano. As indicated in Table 5.1.1 the Arduino proved to be better in
66% of the categories that were used to decide.
Table 5.1.1: Comparing Microprocessors
Microprocessor

Output
Current/
Pin

Size

Idle Current
Draw

Weight

Number of
Digital Pins

Cost

Arduino Nano

40 mA

43x18.5 mm

40 mA

7g

14

$20

Raspberry Pi
Zero

16 mA

65x33 mm

80 mA

9g

40 with
expansion
header

$5

Decision

Arduino Nano

What was of particular importance was the idle current draw, or the current consumed by the
device when not in use. The idle current draw for the Raspberry Pi Zero was 80 mA, which is
twice that of the Arduino Nano. The idle current draw was a concern because it would directly
impact the battery life of the system. This would cause the team to have to make a decision to
purchase and use a more expensive battery that could hit the 8-hour charge, or just use a smaller
battery that would result in a shorter life span on the system. Including a larger battery to
incorporate the Raspberry Pi Zero would also increase the weight of the system. Additionally,
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the size of the processor was a concern due to the small available volume in the palm of the
hand, so the smaller Arduino Nano was a more ideal choice to fit in the glove than the Raspberry
Pi Zero.
Though using the Raspberry Pi would prove to have large upside for it to develop multi-string
computing, that design decision would have led to over-engineering the system for specifications
that do not exist.

5.2 Final Design Implementation
The final bio-mechanical interface design consisted of a single Arduino Nano powered by a 4
pack of AA batteries. The Arduino received inputs from the MyoWare Sensor, accelerometer,
and current sensing circuits, and translated these inputs into control of the motors.

5.2.1 Circuitry
Each of the electronic components were tested separately before integration. The mechanical and
biosensing systems were each initially tested with separate Arduino Uno’s (which were most
readily available). Thus, the team found that it was necessary to integrate both the various
circuits, as well as the code for each component. This was a stepwise process: first the MyoWare
Sensor and accelerometer were combined, as well as the current sensing and motor circuit. A
schematic of the Arduino connections is found in Figure 5.2.1.
The power source for each of the components is shown below. The Arduino was powered by a 4
pack of AA batteries (approximately 6V), and by extension was used to power the MyoWare
Sensor, accelerometer, vibrational motor, and current sensing circuit. Another 4 pack of AA
batteries was used to power both the thumb and finger motors.

86

TXl

Servo 2 Control

VB Motor

6V

RXO

GND

RST

RST

GND

SV

D2

A7

D3

A6

M 1n

AS

Ac1ock

D5

A4

A,.,,o

D6

A3

D7

A2

D8

Al

Current 2

D9

AO

Current 1

D10

REF

Arduino
Nano

D4

Servo 1 Control

Vin

M,A,6V

M,A

~
M: MyoWare Sensor

fv.s

A: Accelerometer
6V: 4 Pack of AA Batteries

3.3V

D11

Current: Current Sensing Input

A,.os,

Figure 5.2.1: Schematic of Arduino Nano connections for final prototype.
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Figure 5.2.2: Electrical component diagram.
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Finally, an image of the fully integrated and soldered circuit can be found in Figure 5.2.3 below.
The components were connected through prototyping boards to fit within the dimensions of the
housing unit. It was necessary to fully tape and cover the MyoWare Sensor in order to cover the
EMG sensors located directly on the board. This integration was successful overall, with all of
the components successfully combined within the palm. The final schematic sketch used to make
this integrated prototyping board can be found in Appendix O.

Figure 5.2.3: Fully integrated circuit within the housing unit.

5.2.2 Computing Process
The general logic of the code is shown in Figure 5.2.4, as well as in the High-Level Process
Diagram in Section 2.2.
The code was built such that the state of the hand (open, closing, closed, or opening) dictated the
actions of the Arduino. In the closed or open states, the Arduino receives an input from the
MyoWare Sensor. Once the MyoWare threshold is reached, this triggers the Arduino to receive
an input from the accelerometer for 0.5 s. If the accelerometer threshold is met (indicating
shaking/movement causing the MyoWare threshold to be exceeded), the hand remains in the
same state and returns to sensing. However, if the accelerometer threshold is not exceeded,
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depending on the previous state the hand moves into an opening or closing state and activates the
motors (closed → opening, open → closing). Within the closing hand state, there is further code
that dictates that the motors stop once fully closed or an 8-pound force is met. The full,
consolidated code can be found in Appendix F.
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Figure 5.2.4: Software level flowchart.
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Chapter 6: System Validation Testing and Analysis
System testing for the 2019-2020 HELP Hand initially intended to test all features of the hand
based on the target population’s desired use time of 8-hour, precision 3D-printed parts, and a
fully integrated design. However, due to COVID-19 and forced division of the team’s efforts, the
time allocated to the testing plan was severely cut. Thus, the team re-envisioned and truncated
the testing plan to show a successful achievement of a Proof of Concept within the given time
constraint but did not get to complete all originally planned tests.

6.1 Biosensing Testing
The team ran tests to determine if the biosensing subsystem met the goals laid out in Chapter 3.
The two main concerns after deciding upon using wet electrodes for signal actuation were
irritation of the skin and signal acquisition reliability over an extended period of use. The wet
electrodes are adhesive and cause skin irritation if applied and removed repeatedly. The intention
to use EMG actuation brought up concerns regarding the use of biosignals for actuation. These
concerns revolved around if the biosensing system would maintain consistent and reliable
function when faced with sweat and dirt interference over extended periods of use. Testing
irritation of the skin was paired with sweat and dirt testing. These conditions were tested through
qualitative longevity testing, where observations were made when a team member wore the
electrodes throughout the day, as would be the case in the use of the hand. Signal acquisition
reliability and electrode contact was tested through quantitative longevity testing alongside
actuation reliability testing. These conditions were tested by recording of the signal acquired
over time.

6.1.1 Electrode Skin Irritation Testing
Skin irritation testing was conducted by wearing the wet electrodes on the skin for 4 hours
without removing them. This was done by utilizing the arm-sleeve set up shown in Figure 3.3.11.
This resulted in relatively minimal skin redness or irritation after completion. However, sweat
accumulation (especially in hot temperatures) significantly weakened the adhesive strength of
the electrode patches over time, leading to poor signal strength. This issue is unique to wet
electrodes as dry and textile electrodes do not use adhesive.
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Additionally, the team observed that skin irritation developed when the user removed and
applied the wet electrodes over a matter of days. This irritation is also unique to wet electrodes
and using dry or textile electrodes to pick up EMG signals would most likely not have this issue.

6.1.2 Actuation Reliability Testing
Actuation reliability testing was performed to show that the placement of the electrode had a
sufficiently high SNR to avoid false positives and false negatives. False positives would result in
unintended actuation, while false negatives cause the hand to not actuate when intended. To test
this, the team utilized the same arm-sleeve electrode unit as shown in Figure 3.3.11.
To gain sufficient actuation data, over a 4-hour testing period, the test subject contracted his
wrist 30 times (15 contractions to close, 15 to open) in the first 10 minutes of each hour. This 10minute time window was designated to ensure data was collected from both fresh and fatigued
muscles.
For each contraction, the team recorded whether or not the hand was actuated as intended. A
total of 120 contractions was recorded, with 115 contractions successfully leading to actuation,
indicating a reliability of 95.83%. This result met the team’s design requirement of reliable
actuation above 90%.
Table 6.1.1: Reliability Testing Data
Hour

1

2

3

4

Successful Actuation

96.67%

100.0%

96.67%

90.00%

Actuation Reliability

95.83%

Wet electrodes are negatively impacted by sweat and dirt forming a buffer between the subject
and the electrode. When there was sweat on the skin, the electrodes lost contact with the user,
and did not receive a reliable signal. This phenomenon can be seen in the negative trend of
reliability values presented in Table 6.1.1.
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The tests showed that wet electrodes are not optimal when it comes to maintaining reliable
actuation throughout the day. Repetitive application and removal of the wet electrodes caused
skin irritation, which may decrease the user’s experience of using the hand. The testing
reinforced that the use of dry or textile electrodes is a better option for the use of the prosthetic
device in the field.

6.2 Mechanical Testing
The team wanted to ensure that the mechanical subsystems were verified and met the key
requirements. In initial preparations for testing the mechanical design, the team had the desire to
validate achievement of the three-grip orientation, the grip strength and speed of the design, and
the total weight of the hand. Unfortunately, the team faltered in fully perfecting the design of the
transmission system for actual application, which led to the transmission system lacking the
ability to move the hand during testing with resistance. However, the transmission system did not
perform exactly how it was intended. This was due to slippage in the knots and did not allow for
the fingers to apply the correct grip force and did not allow for the full validation testing to be
completed.
The team planned to perform the grip strength testing and the speed to close the hand by
applying loads varying for 0-5 pounds to ensure that the hand can withstand the weight and
provide a weight-speed relationship for closing of the hand. A set up of the test can be seen in
Figure 6.2.1.

Figure 6.2.1: Testing setup.
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The team was able to confirm the weight and volume of the hand and compare it to the set goals
of the project. The weight of the hand was not fully met as it was 0.1 lb above the desired weight
and the volume was within the constraint of 23 cubic inches (Table 6.1.1). Both of these
requirements were considered to be good values, with knowledge that future teams should focus
on reducing the weight if possible.
Table 6.2.1: Final Hand Weight and Volume
Desired

Actual

Hand Weight

1 lb

1.1 lb

Hand Volume

23 cubic inches

22 cubic inches

6.2.1 Grip Orientations
To ensure that the hand could perform the key, pinch, and wrap grips the team manually shifted
the thumb to the correct decision and actuated the transmission system around objects. As shown
in the figure below, the finger members comply with the target object, and the opposable thumb
allows for the three grip orientations.

Figure 6.2.2: Grip orientations. (a) Key grip; (b) Pinch grip; (c) Wrap grip.
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6.3 User Feedback Validation Testing
The team also intended to conduct testing to validate that the user feedback system functioned
reliably. Unfortunately, the ability to test the integrated current sensing and user feedback within
the assembled hand was limited by the lacking transmission system, which could not be
redesigned due to time constraints during the COVID-19 crisis. However, the team was still able
to complete verification testing for determining the ideal current sensing threshold of the motor
auto-stop capability.

6.3.1 Current Sensing Reliability Testing
As mentioned in section 4.5.1, although current sensing was verified at a subsystem level, it was
difficult to test in the fully integrated hand due to a lack of access to the USB port. Due to added
resistance in the cables and pulleys as well as the glove, the current sensing threshold would
have to be higher than the value found in the subsystem testing.
The next step would be to test the fully integrated hand to determine the current threshold at
which roughly 8 lbs of force is applied, and then test this threshold to see how reliable it is over
time.

6.3.2 Vibrotactile Feedback Reliability Testing
The next thing to confirm is when the current sensing circuit spikes at the completion of a grip,
that proper user feedback is provided by the vibrational motor. To test this, future teams should
repeat multiple grips to completion in both thumb trajectories and record whether or not
vibrational feedback was given to the user. From this data, a reliability percentage can be
calculated for the vibrotactile feedback.

6.4 System Testing
Upon integration of all the components into a prototype, the team needed to perform validation
testing to confirm that the system met the requirements laid out in Chapter 2. Along with

94

quantitative analysis of the weight, cost, and applicable force of the hand, it was also necessary
to evaluate the overall capability and battery life of the hand.

6.4.1 Box and Blocks Test
The box and blocks test is a standardized test used to measure the manual dexterity of a patient
or person using an upper limb prosthetic device. It involves the movement of blocks between
sides of a partitioned “test box” and is evaluated based on the number of blocks successfully
moved in a specific time period. Details on the setup and instructions of the test can be found in
Appendix J. Due to time constraints and the inability to physically work together during the
COVID-19 crisis, the team was unable to complete this testing. However, it is imperative that
future teams use the box and blocks test as a final overall evaluation of the hand’s capabilities.

6.4.2 Battery Life Testing
One of the system requirements of the prosthetic as listed in Table 2.1.1 was that the hand had to
have a battery life of at least 8 hours in order to allow the user to wear it for a full day. Thus, the
team performed battery life testing on the final prototype to ensure that it could meet this
requirement.
Due to time constraints, the hand was only tested for a total of 4 consecutive hours. Using 8 new
AA batteries for the motors and electronics, the arm was worn for a full 4 hours and actuated at
least 30 times every hour. This testing showed that 2 packs of fully charged 4-AA batteries
would allow the hand to operate for at least 120 actuations per full charge and last at least 4
hours, although in reality this number is likely much higher.
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Chapter 7: Engineering Standards
7.1 Manufacturability
It is important to consider the manufacturability of a future final design of the HELP Hand. Parts
and subsystems must be refined to make the product easier to manufacture. The following
sections will discuss how the hand can be improved to make the manufacturing process more
efficient in both the short term and long term.

7.1.1 Short Term
In a short-term perspective, there are a couple specific areas that the team would like to improve
upon in terms of manufacturability. The first would be to simplify the design and assembly
process of the pulley system and the thumb joint. As of now, the pulley system takes significant
time to put together, and all cables have to individually be tied to each finger member. It is
subsequently an intricate and difficult process to get the tensions just right, so simplifying this
pulley system and its assembly will enhance its manufacturability. Simplifying the thumb joint
will also be essential to improve the manufacturability. The thumb assembly is complex,
intricate, and can hinder the hand’s ability to be manufactured and mass produced.
Another aspect of the design that could improve the manufacturability is to redesign the
connection of the thumb to the housing unit to make it easier to insert into the glove. In this
year’s design, a linear track is used to attach the thumb to the housing unit. However, an
alternative design that would lock the thumb to the housing unit and make the connection easier
would improve the manufacturability.

7.1.2 Long Term
From a long-term perspective, the team needs to work in three areas: reducing the actuators to a
singular motor, developing ports for custom use MyoWare and microcontroller thresholding, and
switching to a more compact microcontroller. These improvements would make the product
easier to manufacture, allow the patients to customize the functionality of their hand, and expand
the accessibility of the hand in the market.
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One of the largest issues that the team encountered was space within the housing unit. The size
of each component must be taken into account since the glove only allows for a few cubic inches
of space inside the unit. The team also worked to develop a design that met the customer needs
but was reasonably priced for its functionality. Utilizing a motor that is strong enough to drive
both thumb and fingers would be expensive, but only having one motor also helps with the
complexity of the cable and pulley system and will reduce the number of points where cables
may become detached. When the developments of the hand are in alignment with a robust
business plan, the phasing out of two motors and into one motor will be seamless.
Another area that can be enhanced in the future is easy adjustment of thresholds, such as the
MyoWare and current sensing thresholds. As previously discussed, the Arduino executes code
based off of signals that are coming from their respective sensors. The team’s goal was to rate
the hand for eight pounds of force, but flexibility in thresholding leaves ample space for the
design to address customer needs with ease. Implementation of an exposable port to reach the
Arduino will allow the thresholds to be adjusted easily (to handle a greater or lesser amount of
force, make actuation easier, etc.). Having a port to apply these thresholds would allow for all of
the hands to be built the exact same and adjust to the user during the fitting process. The
calibrations of the hand could be done by prosthetists instead of the assemblers, which would
improve the performance and ease of manufacturing in the long term. Making the fingers and
housing unit titanium also will improve the durability and strength of the hand in its
performance. This would take time because parts would have to be developed for mass
manufacturing, instead of the current fast prototyping mindset by using a 3D printer.

7.2 Social
There are social stigmas surrounding amputations and body disfigurement in many countries,
including India. Individuals with amputations face difficult social encounters as they face
rejection from other abled members of their society. Individuals also face the adverse
psychological effects that come with rejection, including low self-esteem, self-confidence, and
self-worth [48]. After discussions with Dr. Mukul, the team found out that prosthetic users often
choose purely cosmetic hands over functional but non-anthropomorphic hands, sacrificing
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functionality, to avoid ostracization and social stigma. As mentioned in Chapter 1, the team
emphasized anthropomorphism during the design process. All components were made to fit
within a prosthetic glove to make the prosthesis appear as close to a human hand as possible. The
hand and glove were designed to reduce the impact of using the prosthesis on the user’s social
life without sacrificing functionality.

7.3 Economic
In developing countries, amputations from traumatic injuries often lead to the inability to
perform in the workplace. Individuals often lose their jobs and their ability to provide for their
families and keep up with their increased need for medical services. Catastrophic limb injuries
that require amputations occur suddenly and without warning, which puts greater stress on the
individual and their family to adapt to this irreversible condition. The hand was designed to
provide the equivalent functionality of a supporting limb to the user and to restore some of their
ability to perform in the workplace.
The hand is also designed to be low cost to increase accessibility for low to mid-income workers
in India. The average per capita income in India is $147.81 per month (11,254 Rs per month), or
$1,773.72 per year (135,048 Rs per year) [49]. High-end electric prostheses can cost thousands
of US dollars and require multiple trips to the prosthetist for setup and repairs. This means that
high-end electric prostheses are most likely outside of the budget for low to mid-income
workers. Trips to the prosthetist can add additional cost as the clinics can be very far away.
BMVSS is able to provide free prostheses to many of their patients, and to keep in line with their
mission of delivering free and low-cost assistive devices, the hand was kept within a price range
given by BMVSS. The team designed the hand to deliver the greatest amount of functionality
while keeping the costs as low as possible.

7.4 Health & Safety
The team took the health and safety of the HELP Hand very seriously, both in terms of the senior
design team and the end user. Safety guided the entire testing and integration process, especially
on the mechanical side of the design. The team analyzed the corners of the housing unit to the
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pinch hazards that exist in the joints of the finger members. These become safety issues in the
assembly of the hand, and the team made sure to reach out to advisors and lab managers with any
questions or concerns.

7.4.1 Senior Design Team
Safety of the senior design team was an important factor throughout testing and integrating the
components of the hand. Safety concerns included the use of heavy machinery, soldering, and
pinch points within the hand, among others. The team followed the guidelines laid out by the
university for each workspace that was used in order to prioritize the safety of the team above all
else. The team also created a custom “socket” so the test subject could comfortably wear the
fully integrated hand during testing. A full breakdown of the ESL safety regulation can be found
in Appendix H.

7.4.2 End User
The team kept the health and safety of the end user in mind throughout the design process. After
doing research into the many aspects of prosthetic arm design that contribute to its safety, the
team determined that the main concerns were fatigue associated with the actuation mechanism,
the weight of the hand, and the user interface (both the socket and prosthetic liner/sleeve). These
concerns drove the design decisions of using EMG actuation, keeping the weight below 1.1 lbs,
and creating a prosthetic sleeve/liner to separate the socket from the residual limb.
EMG actuation allows for small muscle contractions to be translated into opening and closing of
the hand. This causes less fatigue to the user than body-powered prostheses. However, it is still
possible for the contractions associated with EMG to become tiring after a period of time. The
team took this into account when determining a threshold for actuation and minimizing the noise
as much as possible, to prevent the threshold from having to be too high.
If the weight of the hand was too high, this would result in significant strain on the residual limb
and potentially cause physical harm to the user. Therefore, it was imperative to keep the weight
at or below that of a human arm.
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As previously mentioned, BMVSS has a team of prosthetists that fits patients with custom
sockets. Therefore, although the team did not have to design a socket, they still had to determine
how to incorporate electrodes into the liner between the socket and the residual limb. A liner is
necessary to cushion the residual limb and provide comfort. An improperly fitted socket or
insufficient liner can lead to blistering or swelling. The team took this into account by
incorporating the electrodes into a gel liner, although the management of this aspect of care will
more so fall into the hands of the prosthetists.

7.5 Ethical
One of the critical steps in the design process of any project is ethical evaluation. In fact, it is less
a step and more an ongoing exercise to which every team member must be committed. It is
through this ethical lens that engineers can create technology that truly meets the needs of others
and improves society. Despite the differences between various engineering disciplines, engineers
are united in the ultimate goal of creating technology “for the betterment of the human
condition” [50]. In order to accomplish this, ethical decision-making must take place throughout
the design process and an engineer’s vision must go beyond the product; such technology must
be developed foremost with the end user in mind. While senior design allows students to figure
out how to plan and carry out a project, it also forces them to consider the ethical side of the
design process: who they are trying to serve, what their needs are, and why their solution is the
best fit.
An ethical design approach first involves identifying what the societal need is and then figuring
out how to properly address it in an ethical manner. Since this project is a continuation from last
year, it is easy to fall prey to the notion that the previous team evaluated all the relevant ethical
considerations when starting their design. In reality, it is important for every design team to
explore the ethical justifications for and questions surrounding their project in order to work
towards a goal that truly addresses the needs of the target population. When continuing a project,
it is not only necessary to build upon the previous design, but also to rethink and reevaluate
design decisions to better address the target population’s needs. It would also be imprudent to
assume that the previous team’s conclusions apply to this year’s progress; therefore, it has been
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extremely important for the team to develop their own process of ethical decision-making, which
illustrated in the following sections.

7.5.1 Ethical Justification of Concept
Prior to making design decisions, the first step of the design process is identifying a need in
society. This step was taken by the previous team, but in order to be able to understand the
justification for this project and make decisions with regards to the design, the team had to do
their own research. This is a frugal innovation project and as such requires special consideration.
The target population is in India, which brings up many challenges. One of the most difficult
aspects of frugal innovation is designing a product that addresses the needs of a population that
may be far away in terms of distance, but also far removed in terms of socioeconomic status,
cultural norms, and many other factors. The needs of persons with amputations in India are very
different from the needs of those in the United States, so it is neither useful nor ethical to
substitute information about local individuals with the target population. The team was fortunate
to be working with Bhagwan Mahaveer Viklang Sahayata Samiti (BMVSS), a non-profit
organization based in Jaipur India and the world’s largest distributor of artificial limbs, calipers,
crutches, and other aids completely free of cost [51]. As a result of this sponsorship, the team
was able to speak directly with a prosthetist in India in order to get feedback and guidance on the
design.
To formulate the ethical justification for this project, it is first necessary to understand the
concept of frugal innovation. Frugal innovation has many definitions, but it can be generally
understood as creating solutions for people with limited resources. It can be broken down into
three core requirements: “substantial cost reduction, concentration on core functionalities, and
optimized performance level” [52]. The intersection of these requirements depends on the scope
of a project and needs of a population. For example, one project may have cost reduction as its
main emphasis, while another project may have more lenient cost requirements. However,
consideration of all of these requirements must always be present.
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BMVSS has worked with universities and other organizations in the past to design artificial
limbs and other aids to distribute for free to disabled people in countries across the world.
Amongst these is the Jaipur Foot, a low-cost, durable, and anthropomorphic lower limb
prosthesis. In order to help a greater number of the disabled population, BMVSS has decided to
work towards the creation of upper limb prostheses with similar properties. This is the
motivation behind this project: to give the population in India with upper limb amputations a
viable solution that allows them access to a greater number of opportunities. However,
motivation is not justification; in order to ethically justify this project, it is necessary to examine
not only its overall goal but also the plan to get there.
The overall goal of the project, as frugal innovation, is ethically justifiable through the common
good approach. The common good approach centers upon the premise that community itself is a
great good, and ethically our actions should contribute to this good. Although the population of
individuals with amputations in India is not our neighbor per se, the good of community can be
upheld on a global scale; those with resources helping those without is necessary to create a
supportive community for all. According to the Markkula Center for Applied Ethics, this
approach holds that “respect and compassion for all others -- especially the vulnerable” is the
basis of ethical reasoning [53]. It is clear that common conditions that contribute to the welfare
of people across global and cultural lines include access to healthcare, societal interaction, the
ability to support your family, and being treated with dignity. Focusing specifically on the
population of people with disabilities in India, stigma against individuals can lead to isolation
and separation from society. Without a functional prosthesis, it can become very difficult for
them to continue to work and take care of themselves. Amputation is also a traumatic experience
that is associated with higher risks of anxiety and depression [54]. Compassion for the situation
of individuals with amputations in India is what drives a desire to create a prosthetic hand that
helps them regain some of their capabilities and access to society, no matter how small. Respect
requires recognizing that although they share common needs, every prosthetic user is a unique
individual, and there can be no one-size-fits-all solution. Just as important, respect requires
understanding that no matter what society tells them, amputation does not make them any less
whole. A prosthesis is an amazing tool that opens up opportunities that would be otherwise
inaccessible, but by the time they receive a prosthesis, most individuals with amputations have
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already adapted to their changed situation. It is important not to view a prosthesis as some sort of
“savior”; this kind of misunderstood thinking is not only disrespectful but may lead to a design
that is more likely to be rejected. An innovative and complex design is not helpful if it makes
their lives more difficult. It is through this approach of respect and compassion that this project
can be ethically justified.
Another important consideration in justifying a frugal innovation project is how a finished
product will be distributed to its end user. A team could make the greatest product in the world,
but without a plan for distribution and teaching end users how to use it, it is effectively useless.
For a project such as this one, with its end users in another country, working with an
organization like BMVSS provides the infrastructure necessary for this distribution. They have
the ability to produce prostheses on a large scale and give them away at low costs. Their fitting
centers across India are staffed with caring and experienced prosthetists capable of making sure
every patient is properly fitted and equipped to use their prosthesis.

7.5.2 Ethical Decision-Making Process
The team’s process for ethical decision-making followed the approach laid out by the Markkula
Center for Applied Ethics, consisting of five steps [53]:
1. Recognize an ethical issue.
2. Get the facts.
3. Evaluate alternative actions from various ethical perspectives.
4. Make a decision.
5. Act, then reflect on the decision later.
First, in order to recognize ethical issues, the team had to reflect on the previous year’s approach
and recognize where to adjust or build upon the design. It was necessary to identify where a
decision could lead to harm, whether this harm consists of physical strain or making the
activation too complex for users. Some of the main design decisions with ethical consequences
the team evaluated were whether to change the biointerface from flex resistor activation to EMG
activations and whether to add functionality to the thumb.
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In order to gather all the facts and relevant information, the team had to conduct extensive
research on the technology, but also try to get feedback from end users. This is where
conversations with BMVSS contact, Dr. Pooja Mukul, came especially into play. As a prosthetist
who works directly with our target population every day, her insights were critical for the design.
The team realized, however, that although Dr. Mukul is an invaluable resource in terms of
available technology, methods for fitting, etc., her advice still could not fully capture the
experience of individuals with amputations, the most important stakeholders. This realization
spurred the creation survey for Dr. Mukul to distribute to her patients. A public health student
and advisor, Fatima Israr and public health professor Dr. Michele Parker, spearheaded the effort
to write and format the survey in an accessible manner. Given the language barrier and need for
translation of the survey, the process would take up a significant amount of time. This in itself
brought up important questions: how can the team incorporate feedback if the data won’t be
available until a later time? And is it justified to collect data that this team might not have time to
use? These questions tie into the previously mentioned common challenges that arise with frugal
innovation: accessibility and difference in experience. They also bring up whether it is an ethical
requirement to try to listen directly to the needs of a target population, or if making educated
guesses is enough.
The team determined that they had an ethical duty to put an effort into getting feedback from
individuals with amputations, if not in time to help us then to help guide future groups. This ties
back into respect for others as a basis for ethical reasoning, as established in the common good
approach. In order to be properly respectful of the end users, it was necessary to recognize that
their voices and feelings were important and imposing the team’s own viewpoints without trying
to hear from patients would be unethical and lead to low acceptance rates of the prosthesis. Due
to the limited timeline for the project, the team started the design process using research and
feedback from Dr. Mukul, but there were a few design features they decided to postpone until
they received responses from the survey. The survey included questions about these design
features, and the team received 30 responses by the end of winter quarter. They then made
decisions on whether to incorporate these features based off of the survey data collected at that
point.
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The team’s approach to ethical decision-making was through open discussions and dialogues
between group members and advisors. One of the benefits of having a team of six engineers and
two engineering advisors is that everybody has a unique and valuable perspective, and oftentimes
one person will raise an issue that others may have missed. It was also extremely helpful to have
a public health student and advisor on the team to offer community/health-based insights. The
methods used for making decisions involved aspects of the common good and utilitarian ethical
approaches.
As previously described, the common good approach places community as an intrinsic good, and
actions are ethical based on how they contribute to this good: “the ethical action is the one which
contributes most to the achievement of a quality common life together” [50].
The utilitarian approach is essentially a comparison of the positives and negatives of an action,
asking “Which option will produce the most good and do the least harm?” [50]. The weighing of
benefits and harms is used to determine which option is the most ethical; the difficulty with this
approach is recognizing the benefits and harms. Sometimes a difference in viewpoint or
experience can cause individuals to be blind to the harms a technology may present to other
people.
The HELP Hand team will not be able to fully evaluate our decisions until a prototype reaches
the testing stage. However, as new information emerges and the number of survey responses
increases, teams can use this newfound knowledge and data to reflect on their decisions and
whether or not they have truly been honoring the needs of our users.
Biointerface Decisions
A major decision within the biointerface was choosing whether to improve upon the flex resistor
actuation mechanism designed by the previous year’s team or to start from scratch. The flex
resistor actuation mechanism requires wearing a specific shirt at all times and is activated
through motions within the body; for example, a shrug of the shoulder would trigger the hand to
open or close. The main concerns with this were that restricting the subject with this shirt and
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requiring unnatural motions to activate the hand were not in line with the overall goal of this
project: a prosthesis that is anthropomorphic and does not excessively limit the user. Such a
system is less restrictive and easier to use than body-powered prosthetics, but the team was
unconvinced that it was the best possible option. This prompted the consideration of
electromyography, where the hand would be activated using muscle contractions detected by
non-invasive electrodes placed on the skin. Following the utilitarian approach, the team weighed
the benefits and harms of each option, as shown in Table 7.5.1.
Table 7.5.1: Comparing Flex Resistor with EMG Actuation
Flex Resistor
Benefits

Harms

EMG

●
●
●

Easy to use
Electrically powered
Low cost

●
●
●
●

Controlled by subtle
movements
Intuitive use
Non-restrictive
Electrically powered

●
●
●

Can lead to muscle fatigue
Restrictive (requires t-shirt)
Requires unnatural/ nonsubtle movements

●
●
●

Can lead to muscle fatigue
Requires signal processing
Greater cost

Although EMG would be more costly than the flex resistors, it was still within the allotted
budget. The main considerations were whether this cost increase was justified by the other
benefits of EMG compared to flex resistors. Anthropomorphism and ease of use were some of
the most important criteria established by Dr. Mukul and the previous year’s team (and
confirmed by the survey results), and therefore the harm of increasing the cost was outweighed
by the benefits of subtle movements and intuitive use. Making the hand low-cost was also
important, but compared to other electric prosthetic hands, the HELP Hand would still be much
less expensive, and BMVSS would still be able to distribute hands at low cost. This definitely
brought up the ethical consideration of weighing cost vs. functionality, and whether it is ethical
to sacrifice one for the other. This can sometimes mean creating a product that is more useful and
functional but less accessible due to higher cost or creating a product that is less functional but
accessible to all. In this scenario, where the end user would not have to fully pay for the hand but
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rather BMVSS would incur some of the costs (aided by a government subsidy), the team deemed
it ethically justifiable to increase the cost.
From a common good standpoint, making the hand as anthropomorphic and easy to use as
possible is extremely important in the acceptance rate and continued use of the prosthesis. These
criteria allow for prosthetic users to have access and opportunities in society that may otherwise
have been out of reach. Therefore, as long as the cost increase was not so great as to prevent
BMVSS from distributing prosthetic hands freely, converting to EMG actuation would give the
greatest potential for prosthetic users to be a part of the good of community.
Mechanical Interface Decisions
For the mechanical interface, a major design decision was determining whether to add
functionality to the thumb. The previous year’s design did not motorize or incorporate the thumb
into the grip. Dr. Lu, a professor in the bioengineering department and an M.D., explicitly asked
the team to consider adding functionality to the thumb, given its importance in forming various
grips and performing fine motor skills. The lack of an opposable thumb would restrict the
functionality of the hand as almost all possible grips require action of the thumb. Although this
decision could build off the work of the previous team, it would mean the addition of a motor
and a reconfiguration of the pulley system controlling the fingers. Following the utilitarian
approach, the team weighed the benefits and harms of adding functionality to the thumb as seen
in Table 7.5.2.
Table 7.5.2: Weighing the Benefits and Harms of Adding Thumb Functionality
Adding Thumb Functionality
Benefits

●
●
●

Greater number of potential grips
Greater functionality
Anthropomorphic

Harms

●
●
●

Adding another motor adds weight
Reconfigure existing pulley system
Added complexity
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The harms were mainly related to extra work for the team, while the benefits for the end user
would be significant. The team decided the added benefits to the end user outweighed the harms
of losing time for other potential improvements to the hand. This brings up the ethical question
of whether the limitations of the engineers should be considered when weighing the benefits and
harms of a design decision. In a perfect world, with unlimited time and resources, it would be an
ethical imperative to create a hand that fully addresses every need while being lightweight,
durable, allowing for multiple grips, etc. However, under the constraints of a timeline and limited
space within the prosthesis, it is necessary to prioritize certain features over others. This means
that the most important and relevant features to the target population’s needs must be prioritized.
Improving the functionality and number of grips of the hand are priorities in this sense, and thus
the team decided to make motorizing the thumb a priority as well. It is important to note that this
does not mean sacrificing quality.
This is further confirmed by the common good approach; increasing the number of grips of the
hand allows for participation in a greater number of activities, increased independence in taking
care of oneself, and better performance of the various tasks necessary to maintain a job. All of
these are beneficial to the wellbeing of the community of individuals with amputations as well as
their families and friends.

7.5.3 Summary
As engineers, we have the responsibility to not only follow the laws of physics but also uphold
the standards of ethics. Ethical evaluation at every stage leads to a design that serves the most
important stakeholder of all: those who will use it. That is why the team incorporated utilitarian
and common good ethical frameworks to guide them throughout the design process to create a
truly human-centered prosthetic hand. Not only is it necessary to listen to the voices of the target
population, but an ethical framework also includes honoring the team and their different
perspectives. No engineering feat is done alone or without constant re-evaluation, even of past
progress and teams. In the end, we are not so much defined by our products but by the people we
impact. As such, we, and future teams, must take the time to reflect on our decisions and learn
from them. Only then, through this process of continuous ethical evaluation, do we become
engineers for the betterment of society.
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Chapter 8: Summary & Conclusions
8.1 Summary of Senior Design
The objective of this project was to improve functionality while maintaining human-like motion
and appearance of the prosthesis. The team implemented an adjustable, opposable thumb and
pulley transmission system, added a second degree of freedom to the fingers and anthromophic
movement, converted the actuation mechanism to EMG control, and incorporated vibrational
user feedback. The electrical components fit into the housing unit, which fit in a prosthetic glove.
The research and surveys allowed the team to understand the true needs of the target population.
This ensured that the designs decisions were catered to address the needs of the many and strive
to make the most impact. Dr. Mukul’s distributed user surveys drove the design requirements,as
described in Section 1.3.1. This directed the team to Key Requirements listed below:
Table 8.1.1: Key design requirements derived from the needs of the target population.
Key Design Requirements
Performs Wrap, Key, and Pinch grip
Applies 8 lbs of force
Opposable thumb (two trajectories)
Auto-stops at achieved grip
Overall weight < 1 lb.
Actuates when intended to 90% of the time
Maintains signal strength for 8 hrs
Prevents unintended actuation 95% of the time
Glove resembles human hand
Vibrotactile feedback
Cost between $500-$2000
Components fit into glove
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Though a pandemic forced the team to move to an asynchronous project execution framework,
great strides were made in the completion of and progress towards the Key Requirements. Below
are the same key highlights in Table 2.1.1, amended to indicate the achieved requirement and
those that were not achieved.
Table 8.1.2: Key design requirements with achievements indicated by checkmarks.
Key Design Requirements

Result

Performs Wrap, Key, and Pinch grip

✅
LI

Applies 8 lbs of force

X
❌

Opposable thumb (two trajectories)

✅
LI

Auto-stops at achieved grip

TBD

Overall weight < 1 lb.

LI
✅

Actuates when intended to 90% of the time

✅
LI

Maintains signal strength for 8 hrs

TBD

Prevents unintended actuation 95% of the time

✅
LI

Glove resembles human hand

✅
LI

Vibrotactile feedback

✅

Cost between $500-$2000

✅
LI

Components fit into glove

LI
✅

"

Although auto-stop capability was verified with subsystem level testing, the team did not achieve
full verification of this feature with the final prototype. The inaccessibility of the Arduino USB
port within the housing unit posed a problem for testing and is a necessary future design
improvement as discussed in Section 7.1. Due to especially tight time constraints because of
COVID-19 forcing the team to work from home individually rather than together, only 4 hours
testing for the signal strength was completed. Although this showed promising results, testing for
the full 8-hour requirement is still necessary. The 8 lbs. of force requirement could not be met
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upon final testing because of a lack of access to proper 3D printing and failure of the pulley
transmission system (slippage of knots and lack of rigidity in the pulleys).
The overall impact of this progress was that the team was able to make important steps towards a
design that can be manufactured in India and distributed by BMVSS. The design and code have
the potential for scalability in various areas as future teams see fit.

8.2 Future Improvements
While we were able to meet many of the requirements laid out by the team for the year, the team
learned a lot throughout the design process, and would have liked to test out other options for
certain components.
First, the next team should continue the process of getting user feedback on the design through
surveys conducted by Dr. Mukul. The team started this process this year, but in order to get more
conclusive results, it will be necessary to gather more input from the target population. The
survey may be tweaked as necessary to guide future design decisions as well.
For the biointerface, dry and textile electrode options should be explored. Due to time constraints
and accessibility, the team focused on verifying the viability of EMG as an actuation mechanism
using wet electrodes. In order to reduce the negative environmental impact of the design and
make it more resistant to sweat and humidity, dry or textile electrodes should be incorporated
into the design. Dry electrodes can be more expensive, but often also have signal processing
capabilities built into them and could replace the MyoWare Sensor as well. Textile electrodes are
an exciting new field that can be easily fabricated in a variety of ways at low costs.
Furthermore, the creation of a graphical user interface is a very important future step in
facilitating the calibration of the MyoWare and accelerometer threshold. Upon initialization of
the hand, the user must perform some contractions - flexing as hard and possible and at a
comfortable strength. The resulting signal strength must be translated into a reasonable threshold
for actuation for each user. Based on this threshold, the accelerometer threshold may need to be
adjusted (for example if the MyoWare threshold is low, the accelerometer may have to be more
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sensitive/lower magnitude). Further exploration into signal processing would also be beneficial
to the future of the design, through reducing noise and allowing for multiple muscles to be used
for actuation.
Finally, the design and creation of a printed circuit board would greatly reduce the bulkiness of
the electronic components and could result in a decrease in the size and bulkiness of the housing
unit. This would also decrease the weight of the hand.
The mechanical systems could be improved in a few ways that would increase the functionality
of the product. First, components such as the thumb, motors, and transmission system could be
improved to be less complex and easier to assemble.
Another improvement would be creating a port in the housing unit for quick access to calibrate
key value in the coding through USB. This would add to a user-friendly interface because
changes can be made quickly and without disassembling the hand. This is important because
adjustments will need to be made during the user’s experience to the hand to improve the
functionality.
The transmission system needs to be improved because there were problems with slippage in the
knots and friction losses when the cables made tight turns. Future teams could do research on the
correct knots to tie and also try to reduce friction in the cables so there are no issues to fatigue or
failure. This would help the reliability and functionality of the hand.
Lastly, a reliable, compact power source would improve the packaging of the hand and allow for
more room in the housing unit and wrist area. This would provide more space to improve the
motors and transmission system that provides the system with improved movement in the grips
and higher strength in other parts.

8.3 Guidance for Future Teams
This is a multi-year project, and it is necessary to consolidate and pass on all relevant materials
from the design process. This ensures that future teams will be able to learn from and build on
112

previous designs. In order to easily hand off materials to future teams, the team has compiled the
following items onto a shareable drive and hard disk:
● Senior design thesis & presentation
● All conversations with BMVSS contact Dr. Pooja Mukul
● Survey and results
●

Fully commented Arduino microcontroller final code and test code for the individual
systems

● SolidWorks CAD/FEA/detailed drawing files
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Appendix A: Specifications of Prostheses on the Market
Specification sheet for Ottobock beBionic hand [12].
Specifications

Small

Medium

Large

Tripod grip force

36.6 N

36.6 N

36.6 N

Key grip force

26. 5 N

26.5 N

26.5 N

Time to ope n or close t ripod grip

0.5 secs

0.5 secs

0.5 secs

Time to ope n or close - power grip

1.0 secs

1.0 secs

1.0 secs

Time to ope n or close - key grip

1.0 secs

1.0 secs

1.0 secs

Hand ca rry load (static)

45 kg (99 lb 3o z)

45 kg (99 lb 3 oz)

45 kg (99 lb 3 oz)

Finger carry load (static)

25 kg (55 lb 3o z)

25 kg (55 lb 3 oz)

25 kg (55 lb 3 oz)
6 kg (13 lb 3 oz)

Fingertip extension load

Specification sheet for Ottobock Michelangelo hand [12].
Tec hnical Data
Operating temperature

- 10° c (14° F) to +60 ° c
(140 ° F)

Weight

approx . 420g

......................................

Operating voltage

11.1 V

Opening width

approx . 120 mm

Speed

approx . 325 mm/s

Gripping force in Oppos ition
Mode

approx . 70 N

Gripping force in Lateral Mode

approx. 60 N

Gripping force in Neutral Mode

approx. 15 N
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Specification sheet for Ossur i-Limb Quantum hand [10].

...
-

Voltage

7.4 V (nomin al)

Max. Current

SA

Battery Capacity

Rechargeable lith ium polymer 7.4 V (nominal ); 2,000 mAh capacity ; 1,300 mAh capacity

Max hand load limit (static limit )

40kg / 88Ib (Extra Small)
90kg / 198Ibs (Small/ Medium )

Finger Carry Load (stat ic limit)

20kg / 44Ibs (Extra Small)
32kg / 71 lbs (Small/ Medium )

Time from full open to full close

0.8 seconds

Device Weight

Weight
Weight
Weight
dium )
Weight
dium )

with QWD 454g / 1Ib (Extra! Small); 504g / 1.11 lbs (Small); 516g / 1.14Ibs (Mediu m)
with WD 418g / 0.92lbs (Extra Small); 467g / 1.03 lbs (Small ); 479g / 1.06Ibs (Medium)
with fle xio n wrist 561 g/ 1.24Ibs (Extra Small); 611 g/ 1.3Slbs (Small); 623g /1 .37Ibs (Mewith friction wrist 449g/0.99Ibs (Extra Small); 499g / l .10 lbs (Small); 511 g/ 1.13Ibs (Me-

Specification sheet for Ossur i-Limb Ultra hand [10].
Technical Information
Voltage

7.4 V (nominal)

Max. Current

SA

Battery Capacity

Rechargeable lithium polymer; 7.4 V (nominal); 2000 mAh capacity;
1300 mAh capacity

Max. hand load limit
(static limit)

40kg/881b (Extra Small)
90kg/1981b (Small/Medium/Large)

Finger carry load
(static limit)

20kg/441bs (Extra Small)
32kg/7llbs (Small/Medium/Large)

Time from open position
to full power grip

0.8 seconds

Device Weight

Note : Titanium digits add an
additional 30g/ 0.07/bs per hand

QWD
WD
Flexion Wrist
Friction Wrist

Extra Small

Small

Medium/ Large

472g/1.041b
432g/0.961bs
572g/l.261bs
467g/l.031bs

512g/l. l31bs
472g/l.041bs
612g/l.35lbs
507g/l. l21bs

528g/l.161bs
488g/ 1.081bs
628g/l.381bs
523g/l.151bs
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Appendix B: Survey Data
The diagrams will cover demographics, amputation details, employment struggles, observations
on current prosthetics, and wanted features. Only male individuals with amputations participated
in the survey.
What is your age
23 responses

e Under 18
•

18-25

•

26-40

•

41-55

•

56-65

e 66 or above

Figure B.1: Age demographic.

Which of your hands are amputated?
25responses

e Dominant
e Non-dominant
•

Figure B.2: Side of Amputation.
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Both

How long has it been since the loss of your hand?
25 responses

e Less than 6 months
e 6 months to 1 year
e 1-3 years
e More than 3 years

Figure B.3: Length of Time Since Amputation.
Are you currently receiving or have you ever had any muscle training or physical therapy to help
strengthen your area of amputation
25 responses

e Currently doing it
e Have previously done it but not anymore
e Never done it

Figure B.4: Level of Physical Therapy Received
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What part of this previous job was most difficult for you to do without your hand?
23 responses

Typing
Holding objects

23 (100 %)

Grabbing objects

23(100 %)
5(21.7 %)

Moving objects
Interacting with others

3 (13 % )
11 (47.8 %)

Transportation
Lost both hands so cannot do
anything

1 (4.3%)

5

0

10

15

20

25

Figure B.5: Difficulty performing in the workplace.
What have you liked about your prosthetic(s)? Choose all that apply.
11 responses

Lightweight

10 (90.9%)
3 (27 .3%)

Good Length
I

Fits well

2(18.2 %)
10 (90.9 % )

Easy to use

6 (54 .5%)

Realistic looking
Good range of motion - 0 (0%)
Good for performing everyday
tasks such ...
Comfortable
Not satisfied ~

0

5 (45 .5%)
7 (63 .6%)
1 (9.1 %)
2

4

6

Figure B.6: Opinion on past prosthetics used

B-3

8

10

What have you disliked about your prosthetic (s)? Choose all that apply.
11 responses
Does not look human enough - 0(0%)
Heavy
Difficult to operate/contra I
Difficult to clean
Loud
Too big for my body
Too small for my body
Did not match skin color
Did not stay attached to body

-

1 (9.1%)
1 (9.1%)
1 (9.1%)

0(0%)
0(0%)
0(0%)
0(0%)
0(0%)
1 (9.1%)
1 (9.1%)

Could not hide under clothing - 0(0%)
Not enough fine motor contra I
Difficult to take on and off - 0(0%)
Painfu I
Nothing
Shoulder pain
Cannot lift heavy objects
Nothing

4 (36.4%)
1 (9.1%)
3 (27.3%)
1 (9.1%)
1 (9.1%)
1 (9.1%)

0

3

2

4

Figure B.7: Observations on current prosthetics.
What qualities are most important for your prosthetic hand to have? Choose all that apply.
25 responses
20 (80%)

Looks real

23 (92%)

Acts real
Easy to learn

- o (0%)
24 (96%)

Easy to operate
8(32%)

Easy to fix
Easy to hide parts under a sleeve

- o (0%)
14 (56%)

Easy to clean

- o (0%)
Quiet - o (0%)

Easy to detach
Lightweight

25 (100%)
24 (96%)

Not painful
0

5

10

15

Figure B.8: Desired features.
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20

25

Would you want a new prosthetic hand to be able to give you vibrational feedback about whether
or not you have completed a task (Example: hand vibrates when item is gripped)?
25 responses

e Yes
•

No

e Unsure/Unclear

Figure B.9: Thoughts on vibrotactile feedback.
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Appendix C: Interviews with the Shirley Ryan AbilityLab
Interview with Ben Welter, MPO
08/16/2019 meeting with Ben Welter, MPO (Prosthetics Resident at Shirley Ryan AbilityLab,
Chicago, IL) - bwelter@sralab.org
1. What are some of the most common complaints you get from your patients about their
prosthetics?
● Keeping reasonable expectations - they’re not getting their hand back
● Custom personal socket often addresses any comfort issues
● Weight is a common complaint so making the prosthetic as light as possible is always a goal - but
a good conforming socket can definitely make a prosthetic feel lighter to the user with proper
weight distribution
● Control sometimes becomes an issue, especially with higher up amputations bc less muscle/real
estate for EMG signal acquisition and/or attachment
*Separate suggestion for increasing DOFs and conformity*
● keep using 3 finger pinch grip but can we make the thumb able to rotate outward to three different
set positions:
○ Furthest setting out from palm to enable key grip and/or provide more force by wrapping
around other two fingers when in power grip
○ Middle setting for precision pinch grip between two fingers (index & thumb)
○ Furthest inward setting for 3 finger pinch grip
○ *Possibly 4th could be achieved if thumb could be disengaged and just index and middle
could power grip* - kind of similar to first grip though
2. What types of materials are cheap and easy to use for prosthetic manufacturing? Same material
throughout hand?
Nyglass = glass fiber + nylon, cheap material but expensive to process/use for prosthetics
Carbon fiber is preferable for lightweight and strength
Thick thermal plastic is a cheaper option, but you need an over and vacuum to use.
Metal is the most common material for fingers - less risk of breakage, more strength
3. If you had to make a list of the essential components of a transradial electric powered prosthetic
what would they be?
1) Suspension system: self-suspending socket, liner, or harness
2) Electrodes: can be very durable, especially for low DOFs - look at Ottobock
3) Connection to hand (wrist): does not have to be complicated, often the wrist angle is preset during
alignment and fitting sessions with prosthetist to maximize ability/range of motion - ex. find
angle of wrist that enables person to eat with the hand and comfortably grab something off a table
4) Control system: battery and heavy electronics often placed in the socket portion of the prosthetic
proximal to the hand itself - more weight closer to the residual limb is more natural feeling. Most
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5) commonly use a small microcontroller and battery pack to read EMG signals and then actuate
movement
6) The hand itself: conformity
4. What is the most reliable method of attachment that you use for upper limb prosthetics?
3 most common:
1) Self-suspending socket - attaches using anatomical bony landmarks on the elbow. Often donned
with a pull chute or pull sock - look up “donning prosthesis with pull sock”, bump in socket to
pull flesh into - ***Ben recommends using self-suspending for our case***
2) Liner: silicone, urethane, TPE (gel) - relatively expensive, but a custom fit and good comfort
3) Harness: figure of 8 (control of guide cable for hook and suspends the prosthesis weight), figure
of 9 (just a guide for the cable - often used with self-suspending sockets if body powered), hasn’t
encountered a harness just for supporting the weight - most myoelectric hands don't have harness
5. Do patients seem to want a hand they control to open or control to close? Preferences? Pros/cons?
Voluntary open is standard because if you’ve grabbed something with the prosthetic hand and want to do
something else you don't have to constantly strain to hold onto something (for body powered).
- Use of rubber bands to preset the tension of the grip strength - more bands = more grip power,
usually 1 band = ~1 lb. of force so 10 bands to lift a 10 lb. object
*Talk to Frank about Low Cost Hand - switchable between Myo, voluntary open, and voluntary close*
6. How they’re utilizing the arm they still have left
Fine motor skills are still all for remaining hand
7. How they are utilizing the prosthetic
Like Asuri described to us, the hand is a supportive hand:
● Holding a coffee cup while the intact hand puts on the lid
● Holding a fork while the other hand cuts with a knife
8. Weight
Lighter is always better
Look at anthropomorphic scale online - “Rule of 9’s” - weight of forearm and hand can be calculated
based on the patient’s height/weight and/or comparing to remaining arm
9. Methods for anthropomorphism?
If using a glove, be sure to send an extra glove with the prosthetic - torn gloves are a common issue. That
being said, the glove provides good protection from the elements even though you may lose some closing
efficiency
OTHER NOTES
Sensing
● They also have cases where they have used touch sensitive resistors (similar to our HELP Hand
project prototype from last year) but usually used in combination with EMG of some sort because
of its limited DOFs
● Switches are also a good robust option for additional simple DOFs
● FOR EMG
○ Using a liner with electrodes in it or a socket with electrodes in it
○ With a liner - low profile emg electrodes poke through the liner and magnets fixed in the
socket attach to each electrode, ensuring the electrodes remain in place on the arm
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○

●

Look into Ottobock electrodes - really good for reliable 1 DOF movement, putting one electrode
on either side of the residual limb, wrist flexion muscles (anterior side of forearm) clench to close
hand while wrist extension muscles (posterior side of forearm) clench to open hand
○ https://shop.ottobock.us/Prosthetics/Upper-Limb-Prosthetics/Myo-Hands-andComponents/Myo-Control-Elements/Electrodes/c/2118

Other Low Cost Hand Prosthetics to look at:
● Victoria Hand - https://www.victoriahandproject.com/
● Ital - https://www.i-biomed.com/ital.html - look at self-suspending socket mechanism
● Taska Hand - http://www.taskaprosthetics.com/
Questions for the Doctor in India to gauge the limits of our design
● What access to materials and support does she have for production?
● Servicing these hands? Can it be done locally?
● What equipment for production and cosmetic alterations are available to her?
● Sizing? - Should we aim for 50% female target like normal?
Interview with Frank Ursetta, MS, PE
FEWit Meeting with Frank Ursetta, MS, PE on 08/22/2019
Research Engineer III, Mechanical
fursetta@sralab.org
The Low Cost Hand Project at SRALab:
● Originally a graduate student project as just an all 3D printed hand, but Todd Kuiken (lab
director) wanted to make it a much more realistic low cost hand
○ There are a lot of open source low cost all 3D printed hands out there already - most
commonly used for children because they arent as strong and can be more colorful. Many
people in developing countries will not use a hook or hand that does not really look like a
hand itself.
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●
●
●

○
However 3D printing as a method of production doesn’t produce realistic enough hands - even
the most expensive 3D printed hands cannot produce good skin texturing and feel and color.
Low cost durable hands definitely exist, but are often hooks, and cultural stigma prevents hook
hands from being used in developing countries, despite them being more robust
So there’s still a need for a low cost, durable, hyper realistic hand - that is their aim

Mechanical Design Aspects:
****I have pictures of these mechanical designs but I was told not to share them out of my control so I
can share pictures that better explain these designs when meeting in person****
● Originally used whipple tree pulley design, but then shifted to a single rod for its simplicity.
○ High tensile strength string used as cables - needed to thread through rod and tied off
with a known, set screw holds in place, then wrap around a few times to hold cables in
place on the rod without fraying
○ Frank said a sequentially closing fingers for grip might have some benefits - had not tried
or thought of doing that before
● Switchable versions - voluntary open, voluntary close, and motor driven
● On motor driven version - motor is in the palm of the hand rotating the single bar
● Socket
○ Paired with hand
○ Often a simple threaded screw as attachment is standard and sufficient connection
● Internal metal components
○ Using stamped steel - higher cost up front for equipment but lower cost for mass
production after that (lower price per part - ~$16)
○ Can also use machining but higher price per part (~$60-100)
● Most people can’t control individual fingers so that design aspect was left out - not reasonable
cost wise
● No last finger joint (distal interphalangeal joint)
● Spring in distal end of finger with high spring constant k enables auto re-opening of hand
○ Cable goes through the spring which is attached to a hollow set screw at end of finger knot and washer on opposite side of screw hold cable in place
○ High K value important for quick opening which was a complaint they often received
● Locking mechanism of hand
○ Sprocket on end of bar in line with a one way bearing that can be moved in or out of
contact with the sprocket with the push of a button that engages or disengages the locking
mechanism - when engaged the one way bearing enables the pulley bar to rotate to close
the hand but then not open
○ Locking mechanism is particularly useful for continuous activities such as holding
silverware while eating or a pen.
● Important mechanical size consideration - should be able to fit through a shirt sleeve
● SRALab hand used same finger for index and ring finger to reduce cost
● distal brackets are the same on all fingers but unique proximal brackets (at joints)
● Extra rubbery grip added to most distal finger pad made a huge grip improvement
○ Grip pattern - small nubs are better than concentric circles they found
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●

●

●

●

○
○ Lots of extra padding on thumb pad compared to other fingers
Wrist
○ They are adding a 2DOF wrist - flexion and rotation
○ Worm gear and gear teeth on face for rotation
○ Threaded shaft with a moving nut on one side for flexion/extension
They chose not to use a glove
○ Gloves in US are very nice comfortable material but wear down quickly and need to be
replaced in months usually
○ For mechanical hand movements the glove provides resistance causing worse efficiency
and quicker fatigue
○ IF USING A GLOVE BE SURE TO BASE DESIGN AND SIZING ON THAT GLOVE
FROM THE BEGINNING
Smaller/less battery is better because its smaller, more appealing, less heavy and more
comfortable for patients
○ Put battery further up on arm to make weight better if possible
Sock on arm of user is necessary for comfort

INTERVIEW QUESTIONS
1. What sort of market/population are the team at Shirley Ryan AbilityLab targeting with their LowCost Hand project?
Low income, developing countries - South America, India, and Africa are main target regions
Smaller dimensions overall in those countries is definitely something to consider
2. How do you approach DOFs? Is more always better?
● Minimum: 1 DOF is being able to close the hand
● Being able to adjust position of thumb is key - extra bulbous padding on thumb fingertip helps a
lot with gripping
● 3 main grips on their low cost hand: able with 3 lockable positions of the thumb
○ Hand open-close 4 fingers
○ Key grip
○ 3 jaw chuck* most useful
3. For robust, reliable electronic control mechanisms, what have you found to be the most effective
method? EMG? Force sensitive resistors? How do you integrate those systems into your hand?
Most likely for the motorized version will be EMG, made possible by a more advanced socket
4. Compliance - how many joints of movement do you have in the fingers? Why did you choose that
number?
No most distal finger joint
Higher K value for springs in the ends of the fingers to snap open quicker
5. What information do you wish you would have known, whether that be on what questions should
have been asked, or the synthesis of the information, before R&D?
● Have a good idea of what you want the end look to be - material choice and dimensions will limit
the mechanical design options
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●
●

Know the strength of the hand you want from the beginning - that will affect the material choice
(they chose to use steel after realizing their original aluminum design was not strong enough)
○ FEA Analysis helps a lot with this - (20lb per finger with steel vs 8lb per finger with
aluminum)
6. Do you have a wide range of colors and lengths? Is the length adjustable or do you tailor each
prosthetic specifically to the patient?
● Range of colors is the goal - starting with 3 shades, but eventually want to do more
● Length of the socket will need to be adjusted so make sure the material used for the socket can be
cut easily and cutting it won’t shatter it or make it structurally unsound
○ ABS he found to be good cuttable material - perhaps coating it too in something to make
it better textured
7. Weight? How do you keep the design lightweight?
● Try to use a smaller battery
● Use aluminum wherever possible - highly recommends 7075 or 6061 grade
● Use hardened steel where needed for the moving structural parts like gears and backbone
8. What are preferable methods for maintaining anthropomorphism?
● 3D scan of hand used to create their hand in solidworks - available for purchase online
○ However, this is difficult to deal with in SolidWorks because its inefficient with mesh
files
● Shape design of physical body doesn’t need to be as accurate/anthropomorphic if covering with a
glove
○ Cut back where possible - keep shapes simple (cylinders etc.) as long as you maintain
good interaction between the glove and the features underneath
9. What is the most reliable method of attachment that you use for upper limb prosthetics?
Refitting is sort of inescapable
Interview with Laura Miller, PhD, CP
08/20/19 Meeting with Laura Miller, PhD, CP - Research Prosthetist/Scientist @ Shirley Ryan AbilityLab
lmiller1@sralab.org
Preferred e-mail: lamiller@northwestern.edu
1. What are some of the most common complaints you get from your patients about their
prosthetics? How are these complaints addressed?
● Heaviness is most common complaint - addressed by best custom fit socket possible
● Biddess & Chau paper about rejection of prosthetics:
https://www.ncbi.nlm.nih.gov/pubmed/17979010
● A lot of people will prefer a hand that looks realistic to one that can function really well but
doesn’t look like a hand - lots more resistance to hooks etc.
● Use of a glove poses a challenge - often wear out (stains/tears)
○ Look at TRS prosthetics for example of making whole hand of rubber - LiteTouch Hand
https://www.trsprosthetics.com/product/adult-lite-touch-hand/
2. What types of materials are cheap and easy to use for prosthetic manufacturing? Same material
throughout hand?
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3.
SOCKETS
● Co-Poly
○ Most common method of socket forming that is not lamination (lamination takes much
more skill and is more expensive process)
○ Difference between thermal set and thermal form
■ Thermal set - heat applied to harden material once vacuumed into place, more
permanent and harder to adjust but usually harder and more lightweight and less
prone to deformation when re-exposed to heat
■ Thermal form - heat applied to soften the material and then it is draped over a
form and vacuumed to seal, then allowed to cool and harden. Simpler to use
HAND
● Mainly metal internal mechanical parts with a rubber/plastic cover to help make it
waterproof/corrosion resistant
GLOVES
● PVC
○ Less stain resistant, but more durable
● Silicone
○ Tends to tear but often more comfortable
4. If you had to make a list of the essential components of a transradial electric powered prosthetic
what would they be?
N/A - didn’t get to it
5. What is the most reliable method of attachment that you use for upper limb prosthetics?
Self-suspending is most reliable for myoelectric upper limb
● Skin irritation can become an issue with tightness of the self-suspending socket
Harness is most common for body powered
● INTERESTING SUGGESTION - using cable of a body powered prosthesis for actuation, but
servo motors to actually control movement
6. How do you increase comfort in the attachment of the prosthetic?
N/A - didn’t get to it
7. Does the state of the residual limb have an effect on the fit of the prosthesis? In other words, does
variation in healing between patients affect fit and how do you account for this?
Yes - muscle atrophy, swelling, and soft tissue degeneration cause the residual limb volume to fluctuate
rather drastically after amputation - usually people come in to get new sockets fitted for about a year
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4423813/
*Tehmi I assumed you were trying to approach this question in terms of creating a socket that could adapt
in some way - like a one size fits all approach- so I asked about that*
Not too common to have a one size fits all socket. Upper limb sockets usually will need a tight fit to feel
natural. It doesn’t have to be a perfect fit, but the looser it is, the more complaints about comfort due to
uncomfortable pressure points
HANDS TO LOOK AT REGARDING THIS QUESTION:
● Ital - same as what ben talked about
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●
● Bump socket - similar to what ben talked about
● Nexo - lightweight simple design http://fillauer.eu/prosthetics-upper/nexo
8. Do patients seem to want a hand they control to open or control to close? Preferences? Pros/cons?
Voluntary close is good for body powered because user can feel tension in the cable to “feel” with the
hand
● For body powered - Some sort of back lock mechanism is a good idea if controlled close so that
continuous strain to keep closed isn’t needed
● For electric powered - can we have a closing system that closes until intention stopped - once
held in certain position for long enough and then a back lock is activated
9. How do patients most commonly utilize the arm they still have left?
N/A
10. How do the patients utilize the prosthetic?
N/A
11. Weight?
N/A
12. What are preferable methods for maintaining anthropomorphism?
N/A
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Appendix D: Product Specifications
Subsystem

Metric

Importance
(1-5)

Units

Marginal
Value

Ideal
Value

Palm

Weight (adult/child)

5

lb

<1.10/<0.66

0.99/0.46

Thumb

Grip Orientations

5

N/A

2 grips

3 grips

Palm

Center of mass
(adult/child)(with respect
finger tip)

5

in

(5.59<CM<6.38
)/
(4.09<CM<4.88
)

5.98/4.49

Fingers

Grip strength for fingers

5

lbf

>3.4

>=8

Thumb/Fin
gers

Motor torque

5

lbf-in

>80.5

112.395

Fingers

Cable tension

5

lbf

>19.98

>27.88

Palm

volume of palm

5

in^3

<=23.1

<=21.4

Glove

glove can withstand 212F

5

F

212

250

Palm

3D printed material can
withstand 320F

5

F

<320

<350

Socket

Connection applies
normal force of 20N to
arm

5

lbf

<4.5

<3.4

Fingers

2 DOF

4

N/A

2 DOF

3 DOF

Glove

Life like material

4

Subjective

On outer hand
and palm

For whole
hand

Glove

Lifetime of at least 1 year

4

Years

>1

>2

Palm

Battery Output Potential

4

V

6

12

Palm

Battery life of 18hr

4

Hours

>18

>24

Glove

Adjustable material size

4

Subjective

Can be cut w/
brute force

Can be cut
easily

Glove

Stiffness k of glove
material

4

lbf/in

7.71

<8.56

Socket

Pressure that connection
material can withstand

4

Gpa

>=1.00

-1.08
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Control
System

Sensors feedback

3

msec

<200

<100

Fingers

Spring constant

3

lbf/in

>=127

>=178

Fingers

Coefficient of friction on
figure can hold objects at
5.5lb

3

N/A

>=0.46

>=0.58

Palm

Volume of battery

3

in^3

<10

6

Fingers

Force sensor ability

3

lbf

>0.045

>0.033

Thumb

Gears can withstand
132.75 lbf-in

2

lbf-in

D-2

132.75

Appendix E: Bill of Materials
2020 HELP HAND BILL OF MATERIALS
Subsystem

Biointerface
(Sleeve)

I

Part #

I

Part Description

# of Items

Unit Cost

Total Cost

B001

Silipos Gel Arm
Suspension Sleeve

1

$26.04

$26.04

B002

Gel Electrodes

3

$1.12

$3.36

B003

Electrode Leads

3

$4.95

$14.85

B004

Vibrating Mini Motor Disc

1

$1.95

$1.95

B005

22 AWG JST SM Plug 5 Pin
Male to Female Connectors

2

$0.59

$1.18

E001

Arduino Nano

1

$20.70

$20.70

E002

Mini-B USB Cable (1m)

1

$6.71

$6.71

E003

AA Batteries (4 pack)

2

$5.42

$10.84

E004

Transistor

1

$0.40

$0.40

E005

Resistor (0.1 Ω)

1

$0.46

$0.46

E006

Resistor (100 Ω)

1

$0.06

$0.06

E007

Diodes

2

$0.19

$0.38

E008

Myoware Muscle Sensor

1

$37.95

$37.95

E009

LIS3DH Accelerometer

1

$4.95

$4.95

E010

Prototyping board

1

$0.75

$0.75

E011

Battery Cases

2

$5.99

$11.98

E012

Motor- Actuonix PQ12

2

$70.00

$140.00

E013

22 AWG Silicone coated
wire

1

$3.80

$3.80

I I

Electrical
Components
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E014

Fingers

Heat shrink kit

1

$12.99

$12.99

F002

Pointer/Middle/Ring
Finger Base Member

6

$5.00

$30.00

F002

Pointer/Middle/Ring
Finger Base Member

3

$5.00

$15.00

F003

Pointer/Ring/Middle
Finger Tip Member

3

$5.00

$15.00

F004

Middle/Index/Ring Finger
pin

3

$0.00

F005

Base Connection Pin

1

$0.00

F006

Transmission Pulley

2

$2.70

$5.40

F007

Cable (Spool)

1

$3.91

$3.91

P001

Housing Unit

1

$15.00

$15.00

P002

Housing Unit Top

1

$5.00

$5.00

P003

Connection Unit

1

$15.00

$15.00

P004

Bebionic Silicone Glove

1

$521.00

$521.00

S001

Fiberglass casting kit

1

$26.99

$26.99

S002

Velcro strap spool

1

$6.40

$6.40

S003

1/2- 20 bolt

1

$3.30

$3.30

S004

1/2" nut

2

$1.50

$3.00

T001

Thumb Member

1

$15.00

$15.00

T002

Side Joint Member

1

$3.00

$3.00

T003

Base Side Joint Cap
Member

1

$3.00

$3.00

T004

Base Side Joint Member

1

$3.00

$3.00

T005

Double T-Pin

1

$15.00

$15.00

T006

Screws (M2)

1

$8.86

$8.86

I

I

Palm
Packaging

Socket

Thumb
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T007

Thumb Track

TOTAL COST

1

$75.85

$75.85
$1,088.06
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Appendix F: Final Code
The following code is written in Arduino C. Digital and analog pins must be adjusted according
to the circuit, and thresholds must be adjusted to the user.
// thresholds (for easy access)
int signalThreshold = 500;

//

myoware sensor threshold (for specific user)
int magThreshold = 20;

//

define threshold for accelerometer magnitude
int voltageThreshold = 2000;

//

current sensing threshold
// motor libraries
#include <Servo.h>
// accelerometer libraries
#include <Wire.h>
#include <SPI.h>
#include <Adafruit_LIS3DH.h>
#include <Adafruit_Sensor.h>
#define LIS3DH_CLK 5
#define LIS3DH_MISO 4
#define LIS3DH_MOSI 12
#define LIS3DH_CS 10
Adafruit_LIS3DH lis = Adafruit_LIS3DH();
// initialize variables
// MyoWare
//int signalThreshold = 400;

//

myoware sensor threshold
F-1

int sensorValue;

//

myoware input
int myoware = A6;

//

analog pin
// accelerometer
int magSum;

//

define variable for calculated acceleration magnitude used in
thresholding
//int magThreshold = 20;

//

define threshold for accelerometer magnitude
unsigned long currentTime1;

//

current time used for accelerometer sensing time interval
unsigned long startTime1;

//

initial time used for accelerometer sensing time interval
const unsigned long period = 500;

//

accelerometer sensing time interval length
int accel = 1;

//

accelerometer state tracks whether accelerometer magnitude is
reached or not
// servos
int pos0 = 1040;

//

initial position of motors, corresponding to open state
(slightly greater than 1000 to prevent voltage spike)
Servo servo_fingers;

//

initializing servos
Servo servo_thumb;
int n = 1040;

//

variable used for tracking position of motor
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int moveMotor = 1000;

//

this delay allows for motors to reach final position before
sensing myoware again
int lastPosition = n - 350;

//

motors stop at this position to prevent stuttering once
threshold is reached, moves position back a little
// vibrational motor
int vibMotor = 8;

//

digital pin
// current sensing
int V;

//

variable for voltage measured by Arduino
int voltage;

//

converted to deci-millivolts
//int voltageThreshold = 1200;

//

current sensing threshold
int voltageState = 0;

//

variable used for tracking whether voltage threshold is exceeded
int curSen = A0;

//

analog pin
// various hand states
int OPEN = 0;

//

values assigned to various states of the hand
int CLOSING = 1;
int CLOSED = 2;
int OPENING = 3;
int handState = OPEN;

//

toggles state of the hand, starts in open position
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void setup() {
Serial.begin(9600);
// motor setup
servo_fingers.attach(5);

//

assigns motors to digital pins
servo_thumb.attach(3);
servo_fingers.writeMicroseconds(pos0);

//

moves motors to starting open position
servo_thumb.writeMicroseconds(pos0);
delay(5000);
// accelerometer setup
while (!Serial) delay(10);

//

will pause Zero, Leonardo, etc until serial console opens
Serial.println("LIS3DH test!");
if (! lis.begin(0x18)) {

//

changes this to 0x19 for alternative i2c address
Serial.println("Couldnt start");
while (1) yield();
}
lis.setRange(LIS3DH_RANGE_2_G);
2, 4, 8 or 16 G!

// vibrational motor setup
pinMode(vibMotor, OUTPUT);
// MyoWare setup
pinMode(myoware, INPUT);
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//

// current sensing setup
pinMode(curSen, INPUT);
}
void loop() {
if (handState == OPEN) {
n = 1040;

//

sets variable to open position
sensorValue = analogRead(A6);

//

checks input from myoware signal
if (sensorValue >= signalThreshold) {

//

checks if myoware signal is greater than threshold
startTime1 = millis();

//

initializing times for accelerometer check once myoware
threshold is exceeded
currentTime1 = startTime1;
while ((currentTime1 - startTime1) <= period){

//

sets 500 ms interval; while loop will run until interval is over
lis.read();

//

gets accelerometer X Y and Z data at once
sensors_event_t event;
lis.getEvent(&event);
magSum =
sqrt(sq(event.acceleration.x)+sq(event.acceleration.y)+sq(event.
acceleration.z)); //magnitude of acceleration
if (magSum > magThreshold) {

//

checks if magnitude of acceleration is greater than threshold
accel = 0;

//

if accel threshold is exceeded, variable changes to 0
}
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currentTime1 = millis();

//

resets time
}
if (accel == 1) {

//

if accelerometer threshold is not exceeded, hand will close
handState = CLOSING;

//

changes hand state to closing
}
else if (accel == 0) {

//

if myoware sensor was triggered by movement, delay will stop
myoware sensing for 5 seconds to prevent further triggering of
sensor
delay(5000);
accel = 1;

//

resets accelerometer state
}
}
}
else if (handState == CLOSING) {
while (n <= 2000) {

//

while loop runs the motor to position n
V = analogRead(A0);

//

checks input from current sensing circuit
voltage = V*50000/1023;

//

converts input to deci-millivolts
servo_fingers.writeMicroseconds(n);

//

moves motors to position n
servo_thumb.writeMicroseconds(n);
n = n + 1;

//

increments position of motor
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delay(1);

//

delay very slightly slows down motor, reducing voltage spike
while (n >= 1300) {

//

starts monitoring current sensing circuit once this position is
reached (reduces voltage spike)
V = analogRead(A0);

//

checks input from current sensing circuit
voltage = V*50000/1023;

//

converts input to deci-millivolts
servo_fingers.writeMicroseconds(n);

//

moves motors to position n
servo_thumb.writeMicroseconds(n);
n = n + 1;

//

increments position of motor
delay(1);
if (voltage >

voltageThreshold) {

//

if voltage threshold is exceeded, motors stop
servo_fingers.writeMicroseconds(lastPosition);
servo_thumb.writeMicroseconds(lastPosition);
delay(400);

//

delay is necessary for timing of vibrational motor
digitalWrite(vibMotor, HIGH);

//

1s vibrational motor pulse when grip is complete
delay(1000);
digitalWrite(vibMotor, LOW);
handState = CLOSED;

//

changes hand state to closed
voltageState = 1;

//

signifies that voltage threshold has been met
n = lastPosition;

//

sets n to actual position of motors
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delay(moveMotor);

//

delay allows for motor to reach final position/prevents
actuation immediately after closing
break;

//

exits while loop
}
else if (n >= 2000) {

//

final position is reached (not obstructed by any object),
handState = CLOSED;

//

hand state changes to closed
delay(moveMotor);

//

delay allows for motor to reach final position/prevents
actuation immediately after closing
break;

//

exits while loop
}
}
if (voltageState == 1) {

//

if voltage threshold was reached, this breaks out of larger
while loop to prevent motor from moving to position 2000
break;
}
}
voltageState = 0;

//

resets voltage state
}

else if (handState == CLOSED) {
sensorValue = analogRead(A6);

//

checks input from myoware signal
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if (sensorValue >= signalThreshold) {

//

checks if myoware signal is greater than threshold
startTime1 = millis();

//

initializing times for accelerometer check once myoware
threshold is exceeded
currentTime1 = startTime1;
while ((currentTime1 - startTime1) <= period){

//

sets 500 ms interval; while loop will run until interval is over
lis.read();

//

gets accelerometer X Y and Z data at once
sensors_event_t event;
lis.getEvent(&event);
magSum =
sqrt(sq(event.acceleration.x)+sq(event.acceleration.y)+sq(event.
acceleration.z)); //magnitue of acceleration
if (magSum > magThreshold) {

//

checks if magnitude of acceleration is greater than threshold
accel = 0;

//

if accel threshold is exceeded, variable changes to 0
}
currentTime1 = millis();

//

resets time
}
if (accel == 1) {

//

if accel threshold is not exceeded, hand will open
handState = OPENING;

//

changes hand state to opening
}
else if (accel == 0) {

//

if myoware sensor was triggered by movement, delay will stop
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myoware sensing for 5 seconds to prevent further triggering of
sensor
delay(5000);
accel = 1;

//

resets accelerometer state
}
}
}
else if (handState == OPENING) {
//

while (n >= pos0) {
servo_fingers.writeMicroseconds(pos0);

//

servos run until open position (1040) is reached
servo_thumb.writeMicroseconds(pos0);
//

n = n - 1;

//

sets n to 1040
//

}
delay(moveMotor);

//

delay allows for motor to reach final position/prevents
actuation immediately after closing
handState = OPEN;
}
delay(10);

//

delay saves power
}
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Appendix G: Discussions with BMVSS
The following notes were taken during phone calls between the team and BMVSS contact and
prosthetist Dr. Pooja Mukul.

Meeting Minutes from Phone Call with Dr. Mukul 12/06/19
Tehmi den Braven, Alonzo Billips, Bradon Hong, Seamus Hudnut, Garrett Stone, & Taylore
Yamane
QUESTIONS
1. Where is the amputation site located most commonly for transradial amputees in India
(for ex. right below the elbow, close to the wrist)? Or does it vary greatly?
● Ideal site does exist
● Surgeons save as much as possible
● 3in above wrist or 4in below elbow is ideal
○ MyoWare needs 4-5in below elbow
○ Don’t come in contact with stump
○ 5 inches above the wrist
● Too long, no place for battery
● Too short, no muscle activity
● Trial for all myoelectric prosthetic patients, not all transradial amputees are fit for it
2. Can we adapt the current socket creation/prosthetic fitting techniques of the Jaipur Foot
to our design? If so, what are these techniques? Would you recommend a self-suspending
socket or a harness? If not, should we be creating our own socket and fitting method from
scratch?
● Already fitting prosthetics
● Not using a total contact socket for current body powered
● Can adapt to any myoelectric
● High density polyethylene
● Negative mold - match to the limb
○ Fill w POP to get a positive
● Heat pipe in hot oven and drape over mold
● Measure contralateral limb and increase mold to match contralateral site
○ Hollow shell that matches limb length (not total contact)
○ Attach wrist unit at distal end; everything is attached externally
○ Not a total contact shell
● Myoelectric
○ Double socket inside shell
G-1

○ High density polyethylene pipe, will use polyethylene socket
○ Check for samples of what they currently use, if not, she will send
3. Do you have any other recommendations for prosthetic gloves we could use? We hope to
have a realistic-looking glove that is more flexible to allow us to increase the degrees of
freedom of the hand. With the current glove, the thumb and joint movement would be
greatly inhibited by the glove’s stiffness.
● Latex and silicone
○ Latex is not durable, but inexpensive
○ Silicone is durable, but very expensive
○ Not sure of any other materials used for gloves
● Brands
○ Ottobock, Regal, Endolite
○ Unsure of the thickness of each glove, pretty much the same
● Sizes
○ Child, Female, Male
○ Work more on the color rather than the size
○ Male size is the most common
○ Children constantly need refitting, body powered best option
○ 36% of amputees are women, but over last 3 decades, not seen above 10%
■ Industrial or agricultural accidents to men
4. If a new prosthetic hand were to have a visibly rougher texture on the fingers to provide a
more tight/realistic grip on objects, would that be acceptable? Or should we avoid
altering the glove/look of the glove?
● Good idea!
○ Non-slip, rough surface will help grip objects
○ Inside of the hand, not cosmetically a problem for the hand
● Jaipur Foot slips on wet surfaces, working to have a non-slip texture on the bottom of the
foot
○ Not difficult to wear shoes, but still stop from slipping
5. Now that you’ve approved the survey, how will you distribute it? Is there anything we
can do for you to help with the process? How long do you think it will take to collect
survey results?
● Next week
○ Once 25 surveys are done, she will send over
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6. Could we set up some sort of timeline where we could call you if we have questions?
Even every month or so?
● Give a week’s notice before calling
● WhatsApp is faster than email, reach out via WhatsApp
What she says may not be what patients want
● Proved wrong by patients on what they want
● Patients have their own aspirations, they determine if the hand is functional or not
○ Survey
Stanford’s Knee
● Drop-lock knee joint was widely used
● Stanford knee bent when walking, patients rejected the knee
○ Didn’t want feedback
● Think about patients’ considerations

Meeting Minutes from Phone Call with Dr. Mukul 01/31/20
Tehmi den Braven, Alonzo Billips, Bradon Hong, Seamus Hudnut, Garrett Stone, & Taylore
Yamane
QUESTIONS
1. In the socket current production method, how are the electrodes incorporated for your
myoelectric prosthetics? - We are thinking of making a mock socket with the ability to
incorporate our electrodes
● First trial run - muscle condition and stump - ID motor points (these have been
mapped)
● One for extension and one for flexion - place electrodes at motor points, locations
vary by 0.5-1cm -minimum contraction to get max response
● Use dummy electrodes to place on the arm and fix with tape - wrap plaster of
Paris bandage to get negative mold
● 2 sockets - one total contact, then the other socket to match length (standard)
● Or use a band to hold electrodes in place underneath the socket
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•
Motor Points of Axillary Nerve

SreeraJ SR

●
● MyoBand something with socket over it - A myoband-type armband with our
electrodes incorporated into it
● Will NOT get good results by creating a standard inner socket, the socket must be
formed around the stump and electrodes
2. Exactly what type of electrodes do your myoelectric prosthetics use? The Ottobock ones
we looked at were $800 for 6 (~$135 per electrode, which is very expensive).
● They buy an entire kit from Ottobock
● Decisions based on pt basis - often decided by the financial situation
● Russian or Turkish or Chinese - other markets (ASK PRASANTH TO FOLLOW
UP)
● Target patient is people who cannot afford myoelectric prosthetics now, only
body-powered
○ Stanford project could not be considered because it could not be
incorporated into the glove
3. How do your prosthetists determine the best location for electrodes during the 1 on 1
fitting sessions? - Sharpie with some electrode signal gauge?
● See answer to question above

Fatima’s Questions:
1. So far we’ve received 20 surveys from you, do you think we’ll be getting any more or is
that it?
● Around 25 total (Monday 2/3)
● Lots of repetition noted
● Patients can’t prioritize weight, size, look, function - don’t necessarily take values
at face value (they want all of them)
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● These patients aren’t paying for these so they’re not as invested or critical of
design
2. You indicated first-time patient versus follow-up patient on the surveys. Does first time
patients mean that this is their first time coming to your clinic whereas the follow-up
patients have been at the clinic before?
● First time = this is their first prosthesis ever. Period.
● Follow up = have had prosthesis, either from you or from other places (often not
working or fitting well or broken)
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Appendix H: Safety Report

Student Project Hazard Assessment
A Hazard Assessment is designed to help studen ts and project advisors recognize hazards associated with
student projects at the early planni ng stages to find ways to minimize the chance of injury , loss, or harm while
you are working on the project . This form is intended to be used for projects where the primary hazards are
associated with engineering work (physical, mechanical, elect rical, etc.) . Chemical and biological focused
projects require a separate project assessment form.
Each student project must complete a Hazard Assessment and must obtain the requi red approva ls before
proceeding w ith the project . It is important that all team members participate in the process, with close
supervision of your advisor. To help ensure that hazards and risks associated with your project are not
overlooked or underestimated, you are encouraged to contact any university staff (Lab Directors/ Managers,
EHS,etc.) with relevant knowledge or experience for guidance. However, your advisor and the department
chair must approve this form pr ior to obta ining/ormo/ approvals from other relevant university staff .
The Hazard Assessment process usually invo lves these fi ve steps below, with an example:

Step:

Example:

1. Identify the specific tasks that must
be completed to reach your proj ect
goals

One of your project tasks involves testing a live electrical circuit

2. Determine if there are hazards
associated with completing the tasks

On the fo rm, you select the "Electrical parts and assemblies>
S0Vor high current' ' , under the Hazardous
Conditions/Processes/Activities, Electrical Hazard section

3. Identify the risksconnected with the
hazards of each task. Ask yourself,
what could go wrong? If you are not
already fam ili ar with the risks, do a
quick internet search
4. Develop a list of controls (things you

can do) to elim inate the hazard or
reduce the risks. Refer to Hierarchy
of Controlson the next page
5. Create a safe working procedure.
Describe how you will safely
comp lete each task

January 2019

After some research, you learn that there is poten t ial of
electr ical shock from accidental contact with exposed live
components

To minimize the risk identified above, you could :
o De-energize and isolate the system QI
o Guard live components to prevent accidenta l contact
You write a deta iled procedure for testing a live electrical wire,
that includes all the information from your hazard/ risk
assessment and which controls you will use to reduce the risks

www.scu.edu/ehs
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Defi niti o ns:

A Hazar d is something that has the potent ial to cause harm (injuries, accidents or other undesirab le effects).
Hazards can be elim inated but not reduced. A hazard can be in the form of an Agent, Condition, Process or
Act ivity .
Risk is the likelihood (probability) of a hazard causing harm to people, property or the environment . Risks

associated with a hazard can be reduced. Put another way, Risk= Hazard x Exposure
A Ha zard Assessment is the process of identifying anyth ing that can cause harm (hazardous agents,
conditions, processes or activities) .
A Risk Assessmen t is the process of determining how great the chance is of harm occurring from a given
hazard.
Hierar chy of Co ntrol s

Unless the hazardous agent, condition or activity is removed, hazards cannot be eliminated. However, risks
from the hazard can be minimized by employing the proper control measures and safe work practices that will
have been ident ified from comp leting a hazard assessment.
Some contro ls are more effective than others at

Hierarchy of Controls

eliminating hazards or reducing risk. Use the

I

PhrsJca
lly remow
tMhaz:ard

hierarchy of controls chart below to evaluate the
controls measures you plan to use. Priority shou ld be
given to the most effective controls at the top of the

-J

hierarchy (elimination and substitution) and moving

ltol,.te people
fromthe .,._u,d

down, rather than start with the easiest one. While
personal protective equipment (PPE)shou ld always

....

be used, it shou ld be considered the last line of

..,

I

P~tea thowo<ko,wrth
P9f50~ ProtKtiv. Equipment

defense from potential hazards.
Hiera rchy of Cont rols
Descripti on and Exampl es

Most

Eliminate the Hazard

Use alternative work procedures

Effective

□

Substitution

Use less hazardous material or process

Engineering Controls

Isolate people from hazard using ventilation, barriers,
lock-out, safer equipment and tools, etc.

Adm inistrat ive

Change the way people work: rules, warning signs, tra ining,

Controls

alarms, safe working procedures, etc .

Personal Protect ive
Least
Effective

January2019

Equipment (PPE)

Appropriate clothing and footwear, safety glasses/goggles,
lab coat, we lding mask, face shield, ear plugs, etc.
Best if used in combination with engineer ing controls

www.scu.edu/ehs
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Student Project Hazard Assessment Form
This form is to be used for student projects where the primary hazards are associated with engineering work
(physical, mechanical, electrical, etc.). Chemical and biological focused projects require a separate form.
Complete this form and obtain

.fillthe required approvals (Faculty Advisor, Department Chair, Laboratory

Manager, EH&S,etc.) before proceeding with the project . Please refer to the hazard assessment guide for
assistance in filling this form.

Project Tit le:
Human-Electr ic Powered (HELP) Hand
Project Team Members:
Mechanical Team: Alonzo Billips, Garrett Stone, Taylor Yamane
Bioengineering Team: Tehmi den Braven, Seamus Hudnut, Bradon Hong
Project Advisor
Name:
Dr. Christopher Kitts

Department:

I Mechanical

Proposed Project Location(s) (Department, bu ilding, room#):
Guadalupe Hall, Robotic Systems Lab, Bio-Innovat ion Hub
Anticipated Dates of Project Duration:
September 2019- June 2020
Summary of Project Objectives:

January 2019
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Phone:

Iext. 4382

Email:

Ickitts@scu .edu

Hazard Check list (check all that app ly)

Identify all the tasks that must be comp leted for your project. Carefully evaluate each task to determine if
there are any associated hazards. After identifying the hazards of your project, you will be asked to assesst he
risk connected to each hazard and to identify control measures that will either elim inate the hazard or reduce
the risk to an acceptable level. Safe work procedu res for each step involving a know n hazard wi ll need to be
developed.

HAZARDOUS
CONDITIONS/PROCESSES/
ACTIVITIES
Electrical Hazards

M echanical Hazard s

□ Electrical parts and assemblies

v' Power tools and equipment

Physical Hazards
□ Extreme temps (high temp fluids :

> S0V or high current

D M achine guarding/powe r

water> 160 °F, steam, hot surfaces

v' Batteries

transmiss ion - gears, rotors,

> 140 °F, cryogenic flu ids

□ Control Panels

wheels, shafts, belt/chain drives,

D Mater ial handli ng of heavy

rotating parts, pinch points

objects

v' Robotics

D Elevated heights (scaffo lding,

□ Sharp Objects

ladders, roofs , lifts, etc.)

v' Stored Energy (springs, gravity,

D Overhead falling objects (cranes,

pneumatic, hydraulic, pressure)

hoists, drones , projecti les, etc.)

D

Confined Spaces

□ Airborne Dusts

D Bonding/ Grounding
□ Electrostat ic Discharge

Reaction Hazard s

Hazard ous Processes

Oth e r Hazard s

□ Explosive

□ Generation of air contaminants

□ Noise > 80 dBA

□ Exothermic, with potential for

(gases, aerosols, or particu lates)

□ Vehicle traffic

fire, excessive heat, or runaway

□ Heating Chemicals

D Hazardous waste generation

reaction

D Endothermic , with potential

D Large mass or volume
D Pressure > Atmospher ic

for freez ing solvents decreased

□ Pressure< Atmospher ic

solubility or heterogeneous

□ Sca l e-up of Reaction

mixtures

□ Meta l Fabrication (welding,

□ Gases Produced

cutti ng, drilling, etc.), Soldering,

D Hazardous reaction

D Construction/ Assembly, etc.

intermediates/products
□ Hazardous side reactions

January2019
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□ Other (list ):

Hazard Checkli st (continued)

HAZARDOUSAGENTS
Physical Hazard s Of

Health Hazards of

Chemicals

Chemicals
□ Lase rs

□ Bsl-2 Biological

□ Ca rcinogens

□ Magnetic Fields (e.g.

Agents

D Nanomateria ls

NMR)

□ rDNA

□ Reproductive Toxins

□ RF/Microwaves

□ H uman Cells, Blood,

□ Respiratory or Skin

□ UV Lamps

BBP

□ Compressed Gases

□Acute Toxicity

□ Cryoge ns

D Explosives
D Flammab les
□ Oxidizers

D Peroxides

or Peroxides

□ An imal Wo rk

Sensit ization
□Simple Asphyxiant

Formers

D Pyrophor

Bio hazards

Non-Ionizing Radiation

ics

□ Water Reactives

□Ski n Corrosion/

□ Other (List):

Irritat ion
□ Hazards Not Othe rwise

Classified

Description 1of Potential Hazards

Provide a summary of the procedure and describe the risks associated wit h the each hazard that you have
identified above or on the previous page. Use one box below per hazard. You may add supp lemental pages if
needed. Define the hazard control measures that will be employed to minimize the risks based on the
hierarc hy of cont rols (elimination, substit ut ion, enginee ring cont rols, administ rative contro ls, PPE), and the n
describe specific control measures yo u wi ll use (e.g. Wo rk on system de-energi zed, receive hazard specific
trai ning, shield hot surfaces, guard pinch points, relieve stored energy, wear protective eq uipment, use less
hazardous chemical, etc.). Refer to " Hierarchy of Controls" in t he inst ructions sheet for more info rmation to
decide w hich hazard contro ls measures are most approp riate

Hazardous Activity, Process, Condition, or Agent (ident ified from previous page):
Summary of Procedure or Tasks:

Compress ion and Expansion Springs

Describe Hazards (why is the procedure hazardous or what can go wrong - what is the risk) :

Unloading of compression springs, pinching of expansion springs.

Hazard Control Measures (what you will do to eliminate the hazard or minimize risks):

Use a Safety shield over springs to ensure, in t he case of unloading, no inju ry can occur to t he ope rator,
along with safety glasses fo r eye protection .

January2019
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Hazard ous Activity, Process, Condition, or Agent (identified from previous page):

Summary of Procedure or Tasks:
Hazard of using Power too ls dur ing assembly of pieces.

Describe Hazards (why is the procedure hazardous or what can go wrong - what is the risk):
Work pieces spin ning out of contro l, harm to extremities from the too ls.

Hazard Control Measures (what you will do to eliminate the hazard or minimize ri sks):
Secure work piece to the work bench with a C-clamp
Do not use gloves, due to the hazard of getting caught in the rotating power tools.
Check the workp iece and too l to verify it's in good condition to be worked on.

Hazardous Activity, Process, Condition, or Agent (identified from previous page):

Summary of Procedure or Tasks:
The use of a 9V Li- Po Battery

Describe Hazards (why is the procedure hazardous or what can go wrong - what is the risk):
The battery gets very hot, and can cause erosion of casing, wh ich becomes a huge hazard because of
material inside of the battery .

Hazard Control Measures (what you will do to eliminate the hazard or minimize risks):
Incorporate a heat-sink to discourage overheating
Provide a casing to minimize puncture potentia l
Li-Po battery training through the RSL
Production of an informationa l pamphlet provided with safety instruction based on RSL training
Incorporate a continuous ground for the battery
Initial Testing to verify and validate battery specifications .

January 2019
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HazardousActivity, Process,Condition, or Agent (ident ified from previous page):
Summary of Procedure or Tasks:
HELPHand Usage

Describe Hazards (why is the procedure hazardous or what can go wrong- what is the risk):
Improper care/ use of HELPhands can cause issues to technology used to harm the user.

Hazard Control Measures (what you will do to eliminate the hazard or minimize risks):
Working with Piublic Health HELP Hand team to develop a User Manual for safe use of hand. Th is
brochure will incorporate setup , functions, basic maintenance {charging, attachment, etc.)

SAFETYEQUIPMENT and PPE
Selectthe appropriate PPEand safety suppliesyou will need for the project (Checkall that apply)

ti Appropriate street clothing (long pants, closed-toe d shoes)
0 Gloves; indicate type: _______

_

ti Safety glasses/ goggles
0 Face shield and goggles
□ Lab coat

0 Hearing protection
0 Fire extinguisher
0 Eyewash/safety shower
□ Spill kit
□

Other (list) :

January2019
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TRAINING REQUIREMENTS

Identify the appropriate training (check all that apply)
□ Biology & Bioengineering Lab Safety Camino Course - contact Lab Ma nager or EHSto enr oll

D

Chemistry & Biochemistry Lab Safety Camino Course - contact Lab Manage r or EHSto en roll

D

Electrical Safety for Engineering Camino Course - contact EHSto enroll

t/ LiPo Batte ry Safety Training- contact MAKERLab to enroll
□ Review of SDSfor chemicals involved in proj ect-

access SDSlibr ary at : rms.unlv.edu/msds/

t/ Laboratory Specific Training- contact Lab/Shop Owne r

D

Project Specific Training - contact Project Adviso r

D

Othe r (describe below) :
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Appendix I: Undergraduate Programs Funding Request
Engineering Undergraduate Programs Senior Design Funding Request
Project Proposal
HELP Hand - Human-centered Electric Prosthetic Hand
Table 1: Team Members and Roles
Team Member

Department

Role

Email

Prashanth Asuri

BIOE

Faculty Advisor

asurip@scu.edu

Christopher Kitts

MECH

Faculty Advisor

ckitts@scu.edu

Taylor Yamane

MECH

Undergraduate Student

tyamane@scu.edu

Garrett Stone

MECH

Undergraduate Student

gstone2@scu.edu

Alonzo Billips

MECH

Undergraduate Student

abillips@scu.edu

Tehmi den Braven

BIOE

Undergraduate Student

tdenbraven@scu.edu

Bradon Hong

BIOE

Undergraduate Student
(Primary Student Contact)

bhong@scu.edu

Seamus Hudnut

BIOE

Undergraduate Student

shudnut@scu.edu

Background
India has a large population of amputees, with estimates of upwards of 1 million individuals living with
some form of amputation. Not only do these individuals struggle with the loss of freedom and ability to
work, but they also face social stigma, discrimination, and even ostracization from the community.
Therefore, we are partnering with Bhagwan Mahaveer Viklang Sahayata Samiti (BMVSS) in order to
build a low-cost, electrically powered, and anthropomorphic prosthetic hand for transradial, unilateral
amputees. BMVSS is a Jaipur-based non-profit organization that has distributed almost 2 million
prosthetics to people in 27 different countries, all free of cost. Through this project, we are hoping to
empower those living with transradial amputations to be able to perform all the activities of daily life with
minimal impairment, potentially rejoin the workforce, and to regain their confidence.
BMVSS has fitted almost 2 million people with calipers, prosthetics, and other aids throughout 27
countries. They have a well-established network of prosthetic fitting center in India, and we are relying on
BMVSS to provide the infrastructure and feedback that makes it possible for our hand to be fitted,
distributed, and accepted in this region. We are hoping to further this project and convert the actuation
mechanism to EMG, added mobility to the thumb, and add another degree of freedom to the fingers. All
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of these design decisions are in the hopes of creating a more intuitive, accessible, and useful prosthetic
based on the customer’s needs.
Our goals are in line with Santa Clara University’s Strategic Vision as well as the School of Engineering
Mission Statement, as we are hoping to use our education and skills to serve a population in need. All of
our group members chose this project due to a compassion for and desire to help others. We are
approaching this project with a desire to learn directly from the individuals who are affected by
disabilities and the medical professionals who care for them, as their voices are the ones that matter above
all. It is through this approach that we are hoping to create a product that is both innovative and humancentered.
University Funding Sources
This team has not applied to any other internal university funding sources.
External Project Sponsors / Partners
We are partnered with Bhagwan Mahaveer Viklang Sahayata Samiti (BMVSS), a Jaipur-based non-profit
organization that provides prosthetics, calipers, and other disability aids free of cost to people in 27
different countries. They do most of their work in India, and they have fitted over 1 million Indian
amputees with the Jaipur Foot, a lower-limb prosthetic that is easily manufacturable, rapidly fitted, and
long-lasting. BMVSS has a well-established infrastructure with regards to distributing prosthetics in
India, with prosthetic fitting centers across the country, and we will depend on them to manufacture, fit,
and distribute our prosthetic hand. They are providing us with the guidance and experience necessary to
create a prosthetic hand that meets the needs of the amputee population in India. They have given us
design criteria for us to follow as well as supplied us with gloves in which the prosthetic hand has to fit.
Finally, we have designed a survey that they will distribute to the amputee in India in order to gather more
relevant information. Our team will interface with our contact from BMVSS throughout the year in order
to get feedback and make sure our project is in line with BMVSS’ vision. Our contact is Dr. Pooja Mukul,
Rehabilitation Physician and Clinical Director of Jaipur Foot Rehabilitation Center.
BMVSS has allocated a grant of $1,000 of funding towards our project.
Budget
Below is our complete overall budget for the project, provided we receive funding from the Engineering
Undergraduate Programs as well as the Xilinx fund. We have separated out the costs we are specifically
hoping to cover through the Xilinx grant within the Xilinx funding section. We are planning to go through
multiple iterations on our actuation design concepts and have taken this into account. These estimates are
based on research of the average cost of each item but are still rough material costs and we have not
selected the specific parts yet.
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Table 2: Funding Request Breakdown
Component

Justification

Cost

Motors

Potential use of two motors. Enough for iterations and
testing of multiple sizes and power output throughout
out designing process

$4,000.00

Motor Controllers

Enough to iterate and develop closed loop control
system.

$800.00

Mechanical Parts

Parts including cables, pulleys, springs, and other
mechanical parts that could be used for actuation

$300.00

Raw Materials

3D printing materials, and other materials used to
build the hand and during testing of different motors
and configurations. Other custom machined parts

$900.00

Fasteners

Screws, nuts, bolts, and other fastening devices that
may be needed for actuation and testing

$200.00

Myoelectric Components

Necessary for EMG actuation (biointerface). Dry
electrodes, Myoware control boards, conductive
fabric, textile EMG’s.

$1,000.00

Microcontrollers

Small microcontroller for EMG actuation. We will
prototype using accessible Arduinos but potentially
move to another microcontroller for the final control
scheme.

$300.00

Batteries

We will need to go through different types of batteries
depending on voltage and battery life to determine
which is most compatible with our design.

$500.00

Basic Electronic
Components

Resistors, op-amps, capacitors, wires, inductors, etc.

$200.00

Actuation/Mechanism

Electric Components

Force Feedback
Vibration Motors

Necessary in order to provide vibro-tactile feedback to $50.00
the user. We are planning to go through multiple types
in order to determine the most applicable model.

Sensors

May use force sensitive resistors (FSRs) to enable a
sense of “touch” at the fingertips of the hand. Will
need to prototype with multiple kinds of FSRs
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$500.00

Hand Body
Gloves

We want to test a variety of anthropomorphic gloves
to determine which one allows for the most natural
appearance when incorporating greater degrees of
freedom.

$500.00

Festo Grippers

Potential way to create more degrees of freedom in the $500.00
fingers with adaptive grippers

Harnesses and Sockets

Body harness and sockets are used to keep prosthetic
hand attached to arm and body. We may purchase

Prosthetic Sleeve

We want to use sample sleeves to address how we will $500.00
attach the HELP Hand to the arm. We will also work
with the sleeve to implement the EMG control. Will
need multiple types and multiple sleeves for iterative
testing.

$500.00

Miscellaneous

$250.00

Total

$11,000.00

BMVSS has allocated $1,000.00 of funding towards our project and the Robotics Systems Lab has agreed
to contribute $1,000.00. Therefore, the total amount we are requesting is $3,000.00 from the Santa Clara
School of Engineering.
Xilinx
For our initial design concept, we are hoping to allocate a total of $5,000.00 (with $3,000.00 from the
undergraduate programs). This would cover the cost for testing two different kinds of motors, testing
different methods of EMG actuation and adding functionality and movement to the thumb and fingers to
provide better grips capabilities. In order to accomplish this, we will need to consider different types of
gloves as well.
With the Xilinx grant, we are specifically hoping to create some sort of socket for the arm, as the existing
design has no way of attaching to the stump of a patient. This would bring the prosthetic arm much closer
to becoming a testable prototype, and it would allow us to test alternative placements of our electronics
and better determine how to integrate EMG technology with the prosthetic hand. In order to accomplish
this we will need to purchase a variety of prosthetic sleeves and harnesses and sockets.
We are hoping to test the hand with different types of gloves. While we were provided with a glove from
BMVSS, we would like to explore gloves with different resistances, textures, and materials. We would
like a more flexible glove to implement the use of a thumb. Currently, our glove deforms when the thumb
is moved. Also, the high resistance of our current glove limits our options for motors. We would also like
to experiment with different textures of the fingers to allow us to expand our options for grip. In order to
accomplish this, we would need to test the hand with different gloves.
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We are also hoping to test more motors to find a motor that will maximize the grip strength and also
maintain a compact size to fit in the palm of the hand while still allowing enough room for other
mechanical and electrical components. To complement the motors, higher end motor controllers would be
needed for the control and feedback of the dynamic finger system. With a better quality motor, the higher
quality materials for the fingers and thumb would be needed to withstand higher grip forces.
To create a system that applies the best grip possible for various tasks, we want to implement force
sensors to create a closed loop feedback system. This will allow the grip to adjust to a given object and
provide a system that helps the user efficiently and easily function the hand.
With additional funding for our project, we would also be able to explore innovative options such as
using embroidered electrodes, which would require textile EMG’s and conductive fabric. This technology
is very novel but has been showing great promise in the field for being low-cost and allowing for greater
degrees of freedom. If we are hoping to have a greater range of motion for the hand in the future, this
would be a great option to explore.
Although we have allocated some funds in our initial design proposal towards purchasing
microcontrollers such as Raspberry Pi’s and Arduinos, once we are past the prototyping phase and are
hoping to assemble a final design within the confines of a glove and prosthetic sleeve, we will need to
purchase and test smaller microcontrollers (such as the Arduino mini) that are compatible with the size of
the glove and our electrical components. This would also entail the testing of alternative battery options,
such as cell phone batteries, which are more compatible with these microcontrollers while fitting the size
limitations of the glove/prosthetic sleeve. We will most likely need to test different electronic components
to accommodate these. Therefore, we are asking for extra funding towards these components as well.
Given the need for these materials, we are requesting an additional $6,000.00 to allocate to the categories
listed above. To break down key components that would require this funding, refer to Table 3 below.
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Table 3: Xilinx Funding Request Breakdown
Component

Cost

Actuation/Mechanism
Motors

$2,000.00

Motor Controllers

$400.00

Raw Materials/Custom Machine
Parts

$400.00

Electric Components
Myoelectric Components

$500.00

Microcontrollers

$200.00

Batteries

$250.00

Basic Electronic Components

$100.00

Force Feedback
Sensors

$500.00

Hand Body
Gloves

$400.00

Harnesses and sockets

$500.00

Prosthetic Sleeve

$500.00

Miscellaneous

$250.00

Total

$6,000.00

Statement of Acceptance
Our team recognizes that acceptance of any funds from Undergraduate Programs commits us to present
our project in a poster session at Family Weekend in February, Preview Weekend in April, and the Spring
Engineering Education Days (SEEDs) program, also in April.
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Appendix J: Box and Blocks Test Details
This section includes a detailed set of instructions on how to conduct a box and blocks test with a
prosthesis, published by the Shirley Ryan AbilityLab. These instructions are modeled towards
working with a patient, but future teams can adapt them for testing the hand by themselves.
Box and Blocks Test Instructions General Information (derived from Mathiowetz et al,
1985) [55]:
● The patient is allowed a 15-second trial period prior to testing
● Immediately before testing begins, the patient should place his/her hands on the sides of
the box
● When testing begins, the patient should grasp one block at a time with the dominant
hand, transport the block over the partition, and release it into the opposite compartment
● The patient should continue doing this for one minute
● After testing, the examiner should count the blocks
● If a patient transports two or more blocks at the same time, this should be noted and the
number subtracted from the total
● No penalty should be made if the subjects transported any blocks across the partition and
the blocks bounced from the box to the floor or table
Set-up:
● A test box with 150 blocks and a partition in the middle is placed lengthwise along the
edge of a standard-height table
● The patient should be seated on a standard height chair facing the box 150 blocks should
be in the compartment of the test box on the side of the patient’s dominant hand
● The examiner should face the patient so she or he could view the blocks being
transported
Patient Instructions (derived from Mathiowetz et al, 1985):
“I want to see how quickly you can pick up one block at a time with your prosthetic hand. Carry
it to the other side of the box and drop it. Make sure your fingertips cross the partition. Watch me
while I show you how.”
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Transport three cubes over the partition in the same direction you want the patient to move them.
After a demonstration say the following:
“If you pick up two blocks at a time, they will count as one. If you drop one on the floor or table
after you have carried it across, it will still be counted, so do not waste time picking it up. If you
toss the blocks without your fingertips crossing the partition, they will not be counted. Before
you start, you will have a chance to practice for 15 seconds. Do you have any questions?”
“Place your hands on the sides of the box. When it is time to start, I will say ready and then go.”
Trial period: Start the stopwatch at the word go. When 15 seconds has passed, say "stop." If
mistakes are made during the practice period, correct them before the actual testing begins.
On completion of the practice period, transport the cubes to the original compartment. Continued
with the following directions:
“This will be the actual test. The instructions are the same. Work as quickly as you can.
Ready.” [Wait 3 seconds]
“Go.”
“Stop.” [After 1 minute, count the blocks and record as described above]
“Now you are to do the same thing with your other hand. First you can practice. Put your hands
on the sides of the box as before. Pick up one block at a time with your hand, and drop it on the
other side of the box.”
“Ready.” [Wait 3 seconds]
“Go.”
“Stop.” [After 15 seconds]
Return the transported blocks to the compartment as described above.
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“This will be the actual test. The instructions are the same. Work as quickly as you can.”
“Ready.” [Wait 3 seconds]
“Go.”
“Stop.” [After 1 minute, count the blocks and record as described above]
Scoring:
The score is the number of blocks carried from one compartment to the other in one minute.
Score each hand separately, and compare the resultant scores found in this article by Mathiowetz
et. al: Adult Norms for the Box and Blocks Test of Manual Dexterity.
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Box and Blocks Testing Form
Name: ________________________
Prosthetic Hand (circle one): Right

Date: ________
Left

Number of blocks transported in one minute:
Trial Number: _______

Prosthetic Hand: _______

Non-prosthetic Hand: _______

Trial Number: _______

Prosthetic Hand: _______

Non-prosthetic Hand: _______

Trial Number: _______

Prosthetic Hand: _______

Non-prosthetic Hand: _______

Trial Number: _______

Prosthetic Hand: _______

Non-prosthetic Hand: _______
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Appendix K: Electrode Placement Instructions
In order to test various placements of the electrodes, it was necessary to come up with a system
to maintain some sort of consistency in between experiments. Each electrode can be thought of
in terms of its x and y coordinate. The x axis refers to the horizontal axis (moving laterally from
the center of the body), and the y axis refers to the vertical axis (moving distally away from the
shoulder). The following is an example of the procedure used, with the red and blue electrodes at
the 6 and 4 cm positions.
Materials:
● Ruler
● String
● Sharpie
● Gel electrodes
Red Electrode Placement
x coordinate:
1. Using measuring tape or a ruler, measure out 7 cm of a string. Cutting the string to the
correct length can make the process easier.
2. Hold your right arm out, palm up.
3. Place one end of the string at the bony tip of the elbow, and wrap the string around the
diameter of the arm in the medial direction.
4. This end of the string marks the x coordinate line for the red and blue electrodes. Using a
Sharpie, it is helpful to draw a line from this point down the length of the forearm
(towards the wrist).
y coordinate:
1. Find the intersection of the elbow crease and the previously drawn Sharpie line.
2. Starting at this point, measure 6 cm distal to the elbow (using string or a ruler). This
marks where the center of the red electrode should be placed.
Blue Electrode Placement
x coordinate:
This is found via the same steps outlined above for the red electrode.
y coordinate:
1. Find the intersection of the elbow crease and the previously drawn Sharpie line.
2. Starting at this point, measure 4 cm distal to the elbow (using string or a ruler). This
marks where the center of the red electrode should be placed.
K-1

Ground Electrode Placement
The ground electrode must be placed on an area with minimal muscle signal. There are multiple
options for this placement as there are multiple places on the forearm that are not above active
muscles. Two such places that the team used in experiments, both of which worked, were the
antecubital fossa on the anterior of the forearm and along the ulna bone on the posterior of the
forearm. In the final design, the team decided to place the ground electrode on the ulna bone to
allow for less movement-induced skin irritation and more customizability for the end user; the
ground electrode can be placed anywhere along the hard bone of the ulna instead of at only the
antecubital fossa.
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Appendix M: Accelerometer Testing
These experiments were used to designate a threshold for the accelerometer in order to detect
shaking of the arm. The testing setup consisted of the LIS3DH accelerometer and MyoWare
Sensor placed taped on the arm. For these experiments, the threshold for the MyoWare Sensor
was set at 400. Data from the MyoWare Sensor and LIS3DH accelerometer was collected
simultaneously for a total of 5 s. This data was then segmented into intervals of either 0.5 (Table
M.2) or 1 s (Table M.1). The maximum values for the magnitude of the acceleration and the
MyoWare Sensor were compared within these intervals. For the intervals in which the MyoWare
threshold was exceeded (determined by the maximum MyoWare value within the interval), the
maximum value for the magnitude of the acceleration was captured and used to determine a
reasonable threshold. Acceleration magnitude values were compared for shaking of the arm and
contracting with the arm in various positions and with “natural” movements.
These results showed that a time interval of 0.5 s was sufficient for distinguishing between
shaking and normal movements while contracting. Minimizing the time interval was important,
as according to the code, once the MyoWare threshold was hit, the Arduino would read values
from the accelerometer and essentially delay movement of the motors for this period of time.
These results were also helpful for designating a threshold for the acceleration, as the
acceleration magnitude values during the intervals in which the MyoWare threshold (highlighted
in red) was exceeded were much lower (max value of 12 m/s^2) while contracting than while
shaking (min value of 27 m/s^2). Therefore a threshold of 20 m/s^2 was set in order to err on the
side of preventing unintended actuations for MyoWare thresholds lower than 400.
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Table M.1: 1 s Interval Testing (Completed 04/08/20)
Experiment 1 (Shaking)
Time Interval

1

2

3

4

5

Max MB Value

40

449

526

496

467

Max Accel Value (m/s^2)

10

32

31

31

28

Experiment 2 (Shaking)
Time Interval

1

2

3

4

5

Max MB Value

61

373

423

338

545

Max Accel Value (m/s^2)

11

30

33

31

33

Experiment 3 (Shaking)
Time Interval

1

2

3

4

5

Max MB Value

37

352

550

528

453

Max Accel Value (m/s^2)

10

32

33

31

32

Experiment 4
(Contracting)
Time Interval

1

2

3

4

5

Max MB Value

43

511

500

465

657

Max Accel Value (m/s^2)

10

11

12

11

11

Experiment 5
(Contracting)
Time Interval

1

2

3

4

5

Max MB Value

83

407

422

422

552

Max Accel Value (m/s^2)

10

11

11

12

12
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Table M.2: 0.5 s Interval Testing (Completed 04/09/20)
Experiment 1
(Shaking)
Time Interval

1

2

3

4

5

6

7

8

9

10

Max MB Value

40

40

243

449

511

526

369

496

467

432

Max Accel
Value (m/s^2)

10

10

24

32

31

28

30

31

27

28

Experiment 2
(Shaking)
Time Interval

1

2

3

4

5

6

7

8

9

10

Max MB Value

39

61

234

373

413

423

294

338

545

530

Max Accel
Value (m/s^2)

10

11

24

30

32

33

31

31

33

31

Experiment 3
(Shaking)
Time Interval

1

2

3

4

5

6

7

8

9

10

Max MB Value

35

37

259

352

399

550

528

502

453

406

Max Accel
Value (m/s^2)

10

10

26

32

33

33

31

27

32

30

Experiment 4
(Contracting)
Time Interval

1

2

3

4

5

6

7

8

9

10

Max MB Value

42

43

397

511

84

500

465

82

657

376

Max Accel
Value (m/s^2)

10

10

10

11

11

12

11

10

10

11

Experiment 5
(Contracting)
Time Interval

1

2

3

4

5

6

7

8

9

10

Max MB Value

83

46

52

407

368

422

422

411

552

337

Max Accel
Value (m/s^2)

10

10

10

11

11

11

12

11

12

11
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Appendix N: Current Sensing Testing
These experiments were conducted prior to integration of the electrical components within the
housing unit and glove. They were used to verify the potential for current sensing to stop the
motors at 8 lbs of force. For the purpose of these experiments and to reduce complexity, the
voltage rather than the current was evaluated. The testing setup is described in section 4.5.1. This
testing was difficult, as spikes in voltage are subject to some randomness and variability without
any sort of signal processing.
Not only was it necessary to determine the current sensing threshold, but it was also necessary to
configure the lastPosition variable in the code. Actuonix PQ-12 Linear Actuators do not have an
output to read their position. In order to stop the motors at a certain point in time during the
closing hand state, the position of the motors was dictated by a variable n, which was
incremented (n = n + 1) upon each iteration of the loop. Reaching the current sensing threshold
stopped n from incrementing, forcing the motors to stop. However, due to the processing speed
of the Arduino being faster than the movement of the motors, the motors would lag significantly
behind the n value dictated by the Arduino (for example, current threshold is met at n = 1500 for
the Arduino, but the motors are in position 1300). Therefore, in order to prevent the motors from
stuttering/moving forward past the point of the current spike, it was necessary to set n back using
the lastPosition variable. The extent to which n was to be set back (n - x) had to be determined
through experimentation.
This was made especially tricky as variation in the lastPosition while keeping the voltage
threshold consistent resulted in variation in the force at which the motors stopped. The
combinations of variables that resulted in the least twitchiness of the motor are highlighted green
in the table below.
Initial testing (Table N.1) involved trying different combinations of the voltage threshold and
lastPosition variable and recording the force reached at the motor stopping point. This method
was found to be tedious and it was difficult to find a combination where the motor stopped at
exactly 8 lbs of force. Therefore, the team decided to use the vibrational motor as a sort of
indicator to determine exactly when the current threshold is met, and how far the motor
continues to travel after the threshold is met (Table N.2). It became clear that it was possible to
control the final resting position (and total applied force of the motor) through having the current
threshold corresponding to a lower amount of force (5 lbs), but having the motor continue to
travel until 8 lbs was reached (using the lastPosition variable).

N-1

Finally, it was necessary to figure out the right delay prior to activating the vibrational motor in
order to ensure that it vibrates upon completion of the grip. This can be seen in Table N.3 below.
Table N.1: Current Sensing Testing (Completed 05/22/20-05/23/20)
Trial #

Arduino Voltage
Threshold x 10-5
V)

Motor stopped
at threshold?
(Yes/No)

Force measured
at motor
stopping point
(lbs)

lastPosition
(Servo position
adjustment
variable in
code)

1

5000

No

15

n-400

2

2500

No

13

n-400

3

2000

No

12

n-400

4

1800

Yes

10.25

n-400

5

800

Yes

7

n-400

6

900

Yes

7.5-8.5

n-200

7

900

Yes

7.5-8

n-250

8

900

Yes

7.5-8

n-250

9

900

Yes

6.75

n-300

10

900

Yes

7

n-350

11

900

Yes

7

n-375

12

900

Yes

4.8-4.9

n-410

13

900

Yes

4.75

n-425

14

900

Yes

5

n-450

15

900

Yes

4

n-500

16

950

Yes

6.25

n-375

17

950

Yes

6

n-400

18

975

Yes

7.5

n-325

19

975

Yes

7.75

n-325

20

975

Yes

7.5

n-325

21

975

Yes

6

n-350

N-2

Notes

Twitchy

22

975

Yes

6.75

n-375

23

975

Yes

6.5

n-400

24

980

Yes

9-10

n-325

25

985

Yes

9-10

n-325

26

985

Yes

8.5-10

n-350

Moved back

27

985

Yes

8.75-10

n-350

Moves
back/twitchy

28

985

Yes

8.5-10

n-375

Moves
back/twitchy

29

985

Yes

8.5-10

n-400

Moves
back/twitchy

30

985

Yes

8-10

n-425

Moves
back/twitchy

31

1000

Yes

10

n-300

32

1000

Yes

8-9

n-375

33

1000

Yes

8-10

n-400

34

1000

Yes

8-10

n-425

Moves back

35

1000

Yes

8-10

n-415

Twitchy

36

1100

Yes

8-10 (8.5)

n-450

Spiked to 10,
held steady at 8.5,
vibrational motor
vibrated at peak

37

1100

Yes

7.5-10

n-450

Switched
vibrational motor
delay to be equal
to x (as in n-x),
vibrated at lowest
point

N-3

Fluctuating

Table N.2: Current Sensing Testing (Completed 05/22/20-05/23/20)
Trial #

Arduino
Voltage
Threshold x
10-5 V)

Motor stopped at
threshold?
(Yes/No)

Force when
vibration is
felt (lbs)

lastPosition
(Servo position
adjustment
variable in
code)

Notes

38

925

Yes

5.5

n-325

39

950

Yes

5-5.5

n-325

40

960

Yes

5.5

n-325

41

975

Yes

5

n-250

Holds at 8

42

975

Yes

5

n-325

Holds steady at 7

43

975

Yes

6

n-325

44

975

Yes

6.5

n-325

45

975

Yes

6

n-325

46

980

Yes

10

n-325

47

980

Yes

11

n-325

48

985

Yes

10

n-325

49

985

Yes

10

n-325

50

1000

Yes

10

n-325

51

1000

Yes

10

n-325

52

1050

Yes

10

n-325

53

1100

Yes

10

n-325

N-4

Table N.3: Vibrational Motor Testing (Completed 05/23/20)
Trial
#

Arduino Voltage
Threshold x 10-5
V)

Motor stopped
at threshold?
(Yes/No)

Force when
vibration is
felt (lbs)

lastPosition
(Servo
position
adjustment
variable in
code)

Notes

1

975

Yes

5

n-250

Vibrational
motor delay
(x+250)
reincorporated,
holds at 8
Vibrates at 6.5

2

975

Yes

5

n-250

Vibrational
motor delay
(x+350), holds
at 8
Vibrates at 6.5

3

975

Yes

5

n-250

Vibrational
motor delay
(x+450), holds
at 8
Vibrates at 6.5

4

975

Yes

5

n-250

Vibrational
motor delay
(x+1000),
holds at 8
Vibrates at 7

5

975

Yes

5

n-250

Vibrational
motor delay
(x+1500),
holds at 8
Vibrates at 7

6

975

Yes

5

n-250

Vibrational
motor delay
(x+2000),
holds at 8
Vibrates at 7

7

975

Yes

5

n-250

Vibrational
motor delay
(x+2500),
holds at 8
Vibrates at 7.5

N-5

8

975

Yes

5

n-250

Vibrational
motor delay
(x+3500),
holds at 8
Vibrates at 8

9

975

Yes

5

n-250

Vibrational
motor delay
(x+3700),
holds at 8
Vibrates at 8

N-6

Appendix O: Prototyping Board Schematic
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Figure O.1: Schematic used in making of HELP Hand 2020 final prototyping board.
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